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Metamorphosis of Heterostructured Surface-Mounted
Metal-Organic Frameworks Yielding Record Oxygen

Evolution Mass Activities

Shujin Hou, Weijin Li,* Sebastian Watzele, Regina M. Kluge, Song Xue,
Shanshan Yin, Xinyu Jiang, Markus Déblinger, Alexander Welle, Batyr Garlyyey,
Max Koch, Peter Miiller-Buschbaum, Christof Woll, Aliaksandr S. Bandarenka,*

and Roland A. Fischer*

Materials derived from surface-mounted metal-organic frameworks
(SURMOFs) are promising electrocatalysts for the oxygen evolution reaction
(OER). A series of mixed-metal, heterostructured SURMOFs is fabricated by
the facile layer-by-layer deposition method. The obtained materials reveal
record-high electrocatalyst mass activities of <2.90 kA g™! at an overpotential
of 300 mV in 0.1 M KOH, superior to the benchmarking precious and non-
precious metal electrocatalysts. This property is assigned to the particular

in situ self-reconstruction and self-activation of the SURMOFs during the
immersion and the electrochemical treatment in alkaline aqueous electro-
lytes, which allows for the generation of NiFe (oxy)hydroxide electrocatalyst

materials of specific morphology and microstructure.

1. Introduction

Electrochemical water splitting offers an attractive means for
producing renewable hydrogen fuel, which is promising for
carbon-neutral energy provision schemes owing to its high

energy density.'™! However, the main
cause of low efficiency in this process is the
anodic half-reaction,®”] namely, the oxygen
evolution reaction (OER), which shows
sluggish kinetics. Hence, exploring highly
efficient and cost-effective earth-abundant
electrocatalysts is a desirable solution to
cope with these issues.®l Non-noble electro-
catalysts, such as transition-metal oxides,
hydroxides, sulfides, and phosphides, have
been regarded as promising alternatives.
Among them, Ni-based and Fe-incorpo-
rated Ni-based compounds exhibit high
OER activity in alkaline media.’"3!

Metal oxo/hydroxo materials derived
from  surface-mounted metal-organic
frameworks (SURMOFs) have shown promising OER perfor-
mances due to the highly tuneable film thickness, controllable
growth orientation and binder-free processing.*%l Thus, the
layer-by-layer deposition of ultrathin SURMOFs on conductive
substrates offers an effective strategy to design highly active
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electrocatalysts and enables precise adjustment of defects and
accessible active centres at the molecular level. Interestingly,
heterostructured systems generally exhibit a higher catalytic
activity than their uniformly structured counterparts, attributed
to synergistic effects of the electrode structure/composition
and interface properties.'”-?!l Herein, we demonstrate taking
advantage of both, the opportunities of SURMOF heterostruc-
ture growth and of their unique metamorphosis to yield metal
oxo/hydroxo materials of special morphology and microstruc-
ture. We measured record oxygen evolution mass activities
of =2.90 kA g! at the overpotential of 300 mV in 0.1 v KOH,
superior to the benchmarking precious and nonprecious metal
electrocatalysts. To the best of our knowledge, this is the highest
reported mass activity for NiFe-based electrocatalysts.

SURMOFs have been reported to yield highly active elec-
trocatalysts toward water oxidation, but the electrochemical
stability or transformations and the origin of active species
in MOF-based catalytic systems remain elusive.?>23] Recent
studies focus on the elucidation of the active species in MOF-
based catalytic systems, and discover the presence of metal
hydroxides in the electrochemically tested (SUR)MOF cata-
lysts via a series of advanced physicochemical techniques.**?’]
Therefore, the stated active species were presumed to originate
from MOF-derived metal hydroxides during the oxygen electro-
catalytic process in alkaline electrolytes. Despite some recent
efforts devoted to elucidate the catalytic species, an in-depth
understanding of the transformation mechanisms and the
structure—performance relationships remains open.

In this work, we use heterostructured NiFe-based SURMOFs
composed of deprotonated terephthalic acid ([TA]*) linkers and
exploit variants in structure and composition to optimize the
OER performance. The experiments show that heterostruc-
tured SURMOFs undergo specific in situ reconstruction and
self-activation process during the alkaline immersion and the
electrochemical measurements, resulting in metal hydrox-
ides and oxyhydroxides together with a partial leaching of the
organic linkers. We propose using SURMOFs as precursors
allowing for access to a parameter space of catalyst fabrication,
which is beyond existing synthetic concepts.

2. Results and Discussion

The NiFe-based SURMOFs have been prepared through a step-
wise layer-by-layer deposition process on functionalized gold
substrates, as illustrated in Figure S1 in the Supporting Infor-
mation. Three different types of samples have been prepared.
The first type, heterostructured Ni|Fe-[TA]-SURMOFs, have
been prepared using a two-step procedure. Initially, 15 layers of
Ni-[TA] have been deposited on the gold substrate, followed by
a deposition of 15 layers of Fe-[TA] on top. Note that “Ni|Fe” in
the formula indicates the Ni-containing layers being the bottom
layers and the Fe-containing layers being the top layers. The
second type of sample is a mixed-phase NiFe-TA]-SURMOFs
prepared by simultaneous layer-by-layer deposition of both
Ni- and Fe-layers in the presence of [TA]*". The third sample,
Fe|Ni-[TA]-SURMOFs have been obtained by initially depositing
15 layers of Fe-[TA] followed by 15 layers of Ni-[TA]. More details
are given in the experimental section. According to structural
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engineering, heterostructures do not solely induce the elec-
tron transfer between different components to expose more
active sites, but also facilitate the mass diffusion by rationally
constructing well-defined nanostructures.?®?! In this light,
the three NiFe-based SURMOFs and 30-layer monometallic
Ni-[TA]-SURMOFs are further investigated to explore their cata-
lytic performance for water oxidation.

To accurately evaluate the electrocatalytic performance, the
activity of as-prepared electrodes is normalized to the catalyst's
mass and geometric surface area of the electrode, respectively."!
Before and after the electrochemical measurement, the elec-
trodes’ mass loading is recorded by a quartz crystal microbalance
(QCM). Note that in Figure 1A the mass loading of SURMOF
electrodes dramatically decreases after OER activity measure-
ments in 0.1 M KOH solution. This indicates that components
of the SURMOFs partially leached out, and the SURMOFs are
transformed into SURMOF derivatives. We will refer to the
SURMOFs after electrochemical cycling as “Catalysts.” Hence,
the derivatives of Ni|Fe-[TA]-SURMOFs, NiFe-[TA]-SURMOFs,
Fe|Ni-[TA]-SURMOFs, and Ni-[TA]-SURMOFs are in the
following denoted as Ni|Fe-[TA]-Catalyst, NiFe-[TA]-Catalyst,
Fe|Ni-[TA]-Catalyst and Ni-[TA]-Catalyst, respectively. As shown
in Figure 1B,C and Figure S2A (Supporting Information), the
Ni|Fe-[TA]-Catalyst records a remarkable current density of
~2.90 kA g! at the overpotential of 300 mV, which is nearly 5,
10 and 12 times higher than the mass activities of NiFe-[TAJ-
Catalyst (=0.58 kA g7), Fe|Ni-[TA]-Catalyst (=0.28 kA g7, and
Ni-[TAJ-Catalyst (=0.25 kA g, respectively. Moreover, the same
catalytic activity trend based on the geometric current density
can be found in Figure S2C,D in the Supporting Information,
reiterating the remarkable OER performance of Ni|Fe-[TA]-Cat-
alyst. These results suggest that the heterogeneous structure
constructed by rationally adjusting the arrangement of Ni and
Fe-based SURMOFs has a significant influence on the OER
electrocatalytic performance. The corresponding Tafel slopes
are utilized to study OER kinetics (Figure 1D; Figure S2D,
Supporting Information). In the case of mass activity, the Ni|Fe-
[TA]-Catalyst exhibits the lowest Tafel slope of ~44.3 mV dec™
compared to NiFe-[TA]-Catalyst (=54.2 mV dec™)), Fe|Ni [TA]
Catalyst (=60.8 mV dec™), and Ni-[TA]-Catalyst (=871 mV dec™)),
further verifying the better OER reaction kinetics of Ni|Fe-[TA]-
Catalyst. As shown in Figure 1E, Figure S3 (Supporting Infor-
mation), Tables S1 and S2 (Supporting Information), the Ni|Fe-
[TA]-Catalyst achieves an activity of =2.90 kA g at the overpo-
tential of 300 mV, outperforming other most recent state-of-the-
art OER electrocatalysts. Moreover, the electrocatalytic activity
of the Fe-[TA]-Catalyst is shown in Figure S4 in the Supporting
Information, exhibiting a low intrinsic activity of =0.029 kA g,
However, due to the unstable characteristics of FeOOH at
high biases,?"32 the polarization curve of the Fe-[TA]-Catalyst
exhibits a declining trend at an increased number of cycles.

In the following, we utilize various ex situ and in situ tech-
niques to shed light on the nature of the active surface species
and the structural evolution of SURMOFs during the electro-
chemical treatment. Initially, QCM measurements are carried
out to monitor the mass changes during the structural evolu-
tion of SURMOFs. As shown in Figure S5 in the Supporting
Information, the mass loading on the QCM electrode decreases
from =2.77 to =1.77 g after the immersion in 0.1 m KOH

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. A) The mass loading of SURMOFs and Catalysts (self-reconstructed SURMOFs after electrochemical cycling) measured on the Au QCM
electrodes. B) Polarization curves of Catalysts collected in 0.1 M O,-saturated KOH with a scan rate of 5 mV s7\. Current densities are normalized to
the Catalyst mass. C) Comparison of mass activities at an overpotential of 300 mV for these Catalysts. D) The corresponding Tafel plots of all Cata-
lysts. E) Comparison of the OER mass activity of Ni|Fe-[TA]-Catalyst with benchmarked data of state-of-the-art catalysts. 1-4) MOF-based catalysts,
5-11) transition metal (oxy)hydroxide catalysts and 12-14) precious-metal-based catalysts are compared at an overpotential of 300 mV: 1) 50Ni50Co-
SURMOFD 10 cycles,™ 2) lattice-strained 4.3%-MOF,®*l 3) NiFe-BTC-GNPs,34 4) [M(BDC)] nanosheets (M = Ni?*, Co?*),2% 5) Cu-Ni-Fe hydr(oxy)
oxide, 6) NiFe-LDH@NiCu,’” 7) FeOOH NSs/nickel foam,?# 8) NiFe LDH nanomesh, 9) CoMn LDH,% 10) NiggFey,0,H,,["! 11) 2CoOOH
nanosheets, "2 12) Rhy,lr;s/VXC,H 13) Ir-network,™l and 14) Co—-IrCu ONC/C.*] For more details on the expenmental condmons please refer to

Table S1in the Supporting information.

solution for 3 min, revealing that the as-prepared SURMOFs
are unstable in an alkaline medium. Meanwhile, the ex situ
Raman and NMR spectra confirmed the rapid leaching of the
organic linkers and the generation of FeOOH species during
the 3 min KOH immersion process (Figures S6 and S7,
Supporting Information). After that, cyclic voltammetry (CV)
is performed to promote further the structural evolution of
the SURMOFs (Figure 2A). It is found that the polarization
curve of the first cycle shows an anodic peak in the potential
range of 1.25-1.46 V versus the reversible hydrogen electrode
(RHE). This increase in faradaic current can be assigned to the
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oxidation of SURMOF species.©2¢ Furthermore, the oxida-
tion current increases in a higher potential range (1.46-1.54 V),
suggesting that more SURMOF species are oxidized. With the
increasing number of cycles, a distinguishable redox couple
peak corresponding to the reversible redox transition between
Ni** and Ni** species can be observed.['®4*#] Notably, both the
Ni2*/Ni** redox peak and the OER current gradually increase
and stabilize after the 35th cycle. This can be ascribed to the
continuous exposure of Ni?*-Ni** species and an increasing
number of accessible catalytically active sites. Therefore, it is
meaningful to denote the SURMOFs after the electrochemical

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. A) Cyclic voltammogram of Ni|Fe-[TA]-Catalyst electrode recorded with scan rate 20 mV s™ for 40 cycles in 0.1 v KOH solution. B) Schematic
illustration showing the transformation process of heterostructured SURMOFs into Catalysts in alkaline electrolyte.

cycling as “Catalysts.” According to these facts, we propose a
mechanism for the structural evolution of SURMOFs into
Catalysts, as shown in Figure 2B. Heterostructured SURMOFs
are undergoing an in situ self-reconstruction process in
the alkaline electrolyte. In the case of the alkaline-unstable
SURMOF thin films, the coordinate bonds between metal
nodes and organic linkers can be dissociated in the KOH elec-
trolyte, thereby leading to the replacements of organic linkers
by the OH/H,O0. In this process of SURMOF metamorphosis,
phase structural transition facilitates the generation of
disordered NiFe hydroxides, which generally possess abundant
defects. Subsequently, CV cycling accelerates the reconstruc-
tion and self-activation processes, leading to the exposure of
a higher number/density of active sites, which significantly
improve the OER activity.

From the electrochemical data, it becomes apparent that
a change in composition takes place after electrochemical
cycling. The increase in OER current implies a higher number
of active sites being available. The latter translates into struc-
tural changes. To directly access the crystalline structure and
orientation of the SURMOFs during this structural evolution,
grazing-incidence wide-angle X-ray scattering (GIWAXS) is per-
formed on these samples. Figure 3 illustrates the 2D GIWAXS
patterns and the corresponding line-cut profiles of the Ni|Fe-
[TA]-SURMOFs, the Ni|Fe-[TA]-SURMOFs after 3 min immer-
sion in 0.1 M KOH solution (denoted as KOH immersion), and
the Ni|Fe-[TA]-Catalyst. In the 2D GIWAXS data (Figure 3A-C;
Figure S9, Supporting Information), two significant diffraction
rings at scattering vectors of g = 2.64 and 3.04 A" are visible for
all samples, which are dominated by the scattering signals of
the QCM substrate. More importantly, two pronounced Bragg
diffraction spots in the scattering patterns are present in the 2D
GIWAXS data (Figure 3A,C), corresponding to the generation
of crystalline phases on the as-prepared SURMOFs and its NiFe
hydroxide derivatives, respectively.l’>*!] These diffraction spots
manifest a high degree of preferential crystallographic orienta-
tion pertaining to the substrate.l*’! Furthermore, from cake-cuts
of the GIWAXS patterns, the (010), (600), (1-10), and (210) Bragg
peaks located at g = 2.93, 2.95, 2.98, and 3.09 A, respectively,
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are present in the Ni|Fe-[TA]-SURMOFs (Figure 3D,E; Table S4,
Supporting Information), indicating its high crystallinity. Note
that these crystalline structures of the SURMOFs are destroyed
after 3 min KOH-immersion procedure, as indicated by the loss
of the (010), (600), (1-10), and (210) diffraction signals. After the
electrochemical treatment, a new diffraction peak located at
q=2.72 A" appears in the line-cut profile of Ni|Fe-[TA]-Catalyst
(Figure 3E; Table S5, Supporting Information), corresponding
to the (015) diffraction peak of NiFe layered double hydroxide
(NiFe-LDH).*® Additionally, a preferential orientation located
at around y = 34.5° with a broad orientation distribution can
be observed for Ni|Fe-[TA]-SURMOFs (Figure 3F; Figure S10A,
Supporting Information). In contrast, there is no orientation
peak in the tube cut pattern of the Ni|Fe-[TA]-KOH immersion
sample, indicating a structural collapse of high-order MOFs
and the generation of amorphous NiFe hydroxide. On the Ni|Fe-
[TA]-Catalyst, a sharp peak at y = 45.4° with a narrow orienta-
tion distribution is detected in the tube cut pattern (Figure 3F;
Figure S10C, Supporting Information). From these observa-
tions, one can conclude that the evolution process from the
as-prepared SURMOFs to the Catalyst involves two steps. The
first step includes the phase transition of crystalline SURMOFs
into amorphous NiFe hydroxide during the KOH immersion
treatment. Afterward, NiFe-layered double hydroxide (LDH)
material with crystallographic orientation is generated after the
electrochemical activation.

To elucidate the structural transformation of the SURMOFs,
especially the existence of morphological structures during
the derivation process, scanning electron microscopy (SEM),
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) are performed on the freshly prepared
samples. Interestingly, the heterostructures can be easily
inferred from the hierarchical ultrathin nanosheet array and
nanoclusters in Ni|Fe-[TA]-SURMOFs and Fe|Ni-[TA]-SURMOFs
(Figures S12C and S14C, Supporting Information), where the
ultrathin nanosheets represent Ni-[TA]-SURMOFs and nano-
clusters are from Fe-[TA] -SURMOFs. A more detailed discus-
sion is given in the Supporting Information. After the OER
test, significant morphology changes are observed for all

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. A-C) 2D GIWAXS data of the Ni|Fe-[TA]-SURMOFs in the as-prepared state (A), after 3 min immersion in a 0.1 m KOH solution (B) and
after electrochemical cycling until the Ni|Fe-[TA]-Catalyst is obtained (C). D,E) Cake cuts performed at angles between y = 26-34° (D) and 38-48° (E)
derived from the 2D GIWAXS data. F) Tube cuts in a g range of 2.65-3.00 A", All Peaks are fitted with Gaussian functions. The peaks denoted with a
star (*) can be assigned to the diffraction peaks (blue lines) of the substrates. The red lines represent oriented Ni|Fe-[TA]-SURMOFs crystals and the

green lines represent oriented NiFe layered-double-hydroxides crystals.

samples as shown in the SEM images (Figures S11D, S12D,
S13D, and S14D, Supporting Information). These intercon-
nected nanofiber networks, which cover the gold substrate,
are derived from the nanosheet structures of the pristine SUR-
MOFs after the OER test. Moreover, AFM images reveal the
decreased roughness and thickness in these SURMOF deriva-
tives compared with the initial SURMOF-coated electrodes
(Figures S12E,F, S13EF, and S14E,F and Table S6, Supporting
Information), which provide further support for the reconstruc-
tion of the SURMOFs in the alkaline electrolyte. From the TEM
image shown in Figure 4A, the ultrathin nanosheets can be
observed in the Ni|Fe-[TA]-SURMOFs, corresponding to the 2D
Ni-[TA]-SURMOFs. Benefiting from the unique ultrathin mor-
phology, these nanosheets are embedded in a matrix of nano-
particles with uniform sizes, where the nanoparticles should
be attributed to the Fe-[TA] according to the SEM image in
Figure S12C in the Supporting Information. In Figure 4D, the
TEM image of the Ni|Fe-[TA]-Catalyst shows a similar matrix of
nanoparticles, however the nanosheets are not observable any-
more, suggesting the structural transformation of SURMOFs
after the OER test. The diffraction patterns of both samples
show broad diffraction rings on a strong diffuse background,
and the latter indicates a large amorphous material fraction.
The d-values in the inset of Figure 4A are very similar with the
structure of SURMOFs, while the d-values obtained from the
stronger diffraction rings in inset of Figure 4D are in agree-
ment with Fey;Nij3300H (PDF#00-014-0556). The high-reso-
lution TEM image in Figure 4B further reveals the presence of
nanosheets, whereas lattice fringes are not visible due to low
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crystallinity and beam sensitivity. In addition, energy-disper-
sive X-ray spectroscopy (EDX) elemental mappings are used to
study the elementary distribution of O, Fe, and Ni. In overlap
elemental mappings of Fe and Ni (Figure 4C), the Fe signal is
much stronger than the Ni, which is in good agreement with the
heterostructures in Ni|Fe-[TA]-SURMOFs. After the OER test,
EDX elemental mappings in STEM mode show the uniform dis-
tribution of O, Fe, and Ni in the Ni|Fe-[TA]-Catalyst (Figure 4F).
To gain deeper insight into the self-reconstruction process
of heterostructured SURMOFs, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) is conducted to ascertain
the evolution of chemical species at both surface and bulk of
catalyst thin film. As representatively shown in Figure 5A,B
for Ni|Fe-[TA]-SURMOFs, the intensity of the Fe* signal is
much stronger than that of the Ni*. The opposite trend in Fe*
and Ni* signal intensities is found for Fe|Ni-[TA]-SURMOFs
(Figure S17A,B, Supporting Information). This result can be
ascribed to the achievement of well-designed heterostructures,
e.g., the bottom-layer Ni-[TA] in Ni|Fe-[TA]-SURMOFs is cov-
ered by the top-layer Fe-[TA], leading to a stronger Fe-signal in
the surface chemical mapping image. After the electrochem-
ical activation, the signal ratio of Fe:Ni species significantly
decreases from 16.5:1 to 1.98:1 when Ni|Fe-[TA]-SURMOFs are
transformed into Ni|Fe-[TA]-Catalyst (Figure 5C,D; Table S7,
Supporting Information). Therefore, it is reasonable to assume
a self-reconstruction and re-distribution of Ni and Fe species in
the pristine SURMOFs during the electrochemical treatment
in alkaline media. In addition, ToF-SIMS depth profiles are
measured to ascertain the distribution of C, Ni and Fe species

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. A,B) TEM and HRTEM images of Ni|Fe-[TA]-SURMOFs. The inset in (A) represents the selected-area electron diffraction (SAED) pattern.
C) EDX elemental mappings in STEM mode of O, Fe, and Ni in Ni|Fe-[TA]-SURMOFs. D,E) TEM and HRTEM images of Ni|Fe-[TA]-Catalyst. The inset
in (D) represents the SAED pattern. F) EDX elemental mappings in STEM mode of O, Fe, and Ni in Ni|Fe-[TA]-Catalyst.

in the bulk of SURMOFs and their derived Catalysts. For Ni|Fe-
[TA]-SURMOFs, a Fe* signal can be detected in the initial 25 s.
Afterward, the intensity rapidly increases to reach its maximum
with a subsequent decrease as the sputtering further proceeds
(Figure 5E). In comparison, the curve of Ni* signal lags behind
that of Fe" signal, which is in good agreement with the hetero-
structural design concept. However, after electrochemical
activation, the distribution of Ni- and Fe-species changes
dramatically in the Ni|Fe-[TA]-Catalyst as shown in Figure 5F.
Therefore, these observations coincide well with a self
reconstruction process.

X-ray photoelectron spectroscopy (XPS) analysis is performed
to explore the surface chemical states and chemical composi-
tion of the as-prepared electrodes. As shown in Figure 6A, the
C 1s spectrum of Ni|Fe-[TA]-SURMOFs deconvolutes into three
peaks at binding energies of 284.8, 286.7, and 288.5 eV, which
are attributed to C—C, C—0, and O=C—O bonds, respectively.
These groups are expected since the organic linkers have been
used in the synthesis process.>**°! Corresponding peaks
are also detected in the C 1s spectrum of Ni|Fe-[TA]-Catalyst,
revealing the existence of residual organic linkers after OER.
A new peak at 293 eV appears due to the presence of K*, stem-
ming from the KOH electrolyte.’” Thus, the C 1s spectrum
provides additional evidence for the residues of organic linkers
in the derived catalysts. In the O 1s spectrum of the Ni|Fe-[TA]-
SURMOF, two peaks at 531.7 and 532.9 eV can be assigned
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to O=C—0O groups and C—O bonds of the organic linkers
(Figure G6B).’>*3 The intensity of both peaks significantly
decreases after electrochemical activation. In contrast, the inten-
sity of the other two peaks at 529.7 and 530.2 eV dramatically
increases, corresponding to Ni(Fe)-oxygen bonds and Ni(Fe)-
hydroxyl species, respectively.’®>¥ This comparison demon-
strates that organic linkers partially and gradually leaches into
the electrolyte during the immersion in KOH and the electro-
chemical potential cycling. In addition, the relative content of
Ni(Fe)-hydroxyl species increases after KOH immersion and
electrochemical measurements, suggesting that a large number
of Ni(Fe)-hydroxyl species are produced during electrochemical
activation in KOH electrolyte (Table S8, Supporting Informa-
tion). The high-resolution Fe 2p spectrum of Ni|Fe-[TA]-SUR-
MOFs shows the Fe 2p;, and 2p;, peaks at 710.7 and 723.9 eV
with two corresponding satellite peaks (Figure 6C), clearly indi-
cating the presence of Fe**.’ The Fe 2ps, peak of Ni|Fe-[TAJ-
Catalyst is positively shifted by =0.7 eV in comparison to the
corresponding peak of the initial Ni|Fe-[TA]-SURMOFs, due to
the dissociation of the organic linkers from the metal-organic
coordination bond after the electrochemical process, resulting
in a replacement of [TA]*~ with OH=/O%".[**%%] As such, the
positively shifted binding energy indicates the decreased elec-
tron density in Fe* centers, owing to the change in coordina-
tion environment of Fe3*.?#0-58] Analogously, in the case of the
Ni 2p spectrum of Ni|Fe-[TA]-SURMOFs (Figure 6D), two
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Figure 5. A-D) ToF-SIMS chemical mapping of Fe and Ni signals in the probed topmost layer of Ni|Fe-[TA]-SURMOFs and Ni|Fe-[TA]-Catalyst. E,F) Nor-
malized ToF-SIMS intensities of C*, Fe*, Ni*, Au*', and Ti* secondary ions along the depth profile of the Ni|Fe-[TA]-SURMOFs and Ni|Fe-[TA]-Catalyst.
The Ti acts as an adhesion promoter underneath the gold electrode.

characteristic peaks are present at 856.2 and 874.1 eV, corre-
sponding to Ni 2p;;, and Ni 2p,,, respectively, which can be
assigned to Ni%*, indicating the existence of pure Ni-[TA] SUR-
MOFs.P%0 Moreover, the intensity of Ni 2p signals significantly

increases after OER, indicating that more inner-layer Ni spe-
cies diffused to the surface layer of catalysts. Initially, in Ni|Fe-
[TA]-SURMOFs, the Ni-[TA] nanosheets are covered by large
numbers of Fe-[TA] clusters. The structural evolution and
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Figure 6. Spectral measurements on Ni|Fe-[TA]-SURMOFs and Ni|Fe-[TA]-Catalyst. a—d) High-resolution XPS spectra of C1s (A), O Ts (B), Fe 2p (C), and
Ni2p (D). E) FT-IR spectra. F) In situ Raman spectra collected during the OER process in 0.1 M KOH within a low-wavenumber region of 200-2000 cm™".
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self-activation in alkaline solution expose more active Ni spe-
cies to the surface of catalysts. The high-resolution Ni 2p XPS
spectrum of Ni|Fe-[TA]-Catalyst differs from that of the pristine
SURMOFs. The Ni 2p;/, spectrum can be deconvoluted into
two distinct peaks. A peak located at 856.0 eV is assigned to
the Ni?* species in Ni(OH),/NiO,, where the binding energy
is slightly higher than that of the Ni?* peak in pure Ni(OH),/
NiO, (=855.4 eV) reported in the literature.?*566162 This higher
binding energy found here indicates a lower electron density
of Ni?* centers in the derived Catalysts. In detail, the strong
electron-withdrawing ability of the bridging [TA]*~ linkers in
the SURMOFs can induce a decrease of the electron density
of the Ni?*-centers via a weakened electron—electron repulsion
between the p-orbitals (2p°) of the own O atoms of linkers and
the fully occupied 7-symmetry (t),) d-orbitals of the Ni** spe-
cies, leading to the increase in the binding energy of Ni%* 136l
Accordingly, the residual [TA]*~ linkers and Fe** dopants (Ni%*-
X-Fe**, X = 0%, or [TA]*") play an important role in the posi-
tive shift of Ni 2p5, spectrum in Ni(OH),/NiO, phase. Another
characteristic peak at a higher binding energy of =8570 eV is
ascribed to Ni**" species. The lowest Ni?":Ni** atomic ratio of
0.68:1 was obtained for Ni|Fe-[TA]-Catalyst. In comparison, for
NiFe-[TA]-Catalyst and Fe[Ni-[TA]-Catalyst, a ratio of 1.08:1 and
2.49:1 is measured, respectively (Table S9, Supporting Informa-
tion). This result indicates that more Ni*" species are generated
in Ni|Fe-[TA]-Catalyst during the potential cycling, which agrees
with the trend of their OER performance. In the literature, it
was reported that the high-oxidation state of Ni in NiFe-based
double hydroxides can enhance the electrocatalytic activities
toward water oxidation.[®3]

Furthermore, Fourier transform infrared (FT-IR) spec-
troscopy results reveal that the chemical structures of these
as-prepared SURMOFs drastically changed after the elec-
trochemical process. As shown in Figure 6E, two peaks at
1571 and 1378 cm™ assigned to the asymmetric stretching and
symmetric stretching vibrations of the carboxyl groups in pris-
tine Ni|Fe-[TA]-SURMOFs are observed, demonstrating the
successful coordination of [TA]*~ linkers with the metal ions
in SURMOFs.[335% The intensity of the characteristic peaks
of the carboxyl group significantly decreases after OER, sug-
gesting partial leaching of organic linkers and the existence
of residual [TAJ>". Another broadened peak in the range of
3000-3550 cm™ can be ascribed to O—H stretching vibration,
which is characteristic for water molecules.[®

Ex situ and in situ Raman spectroscopy are used to systemat-
ically investigate the structural self-reconstruction process from
SURMOFs to catalysts during the OER process. Ni|Fe-[TA]-
SURMOFs show four Raman shift peaks at 1610, 1430, 1140,
and 863 cm™ (Figure 6F), corresponding to coordinated organic
linkers of pristine SURMOFs.* Interestingly, these peaks dis-
appear after immersion into KOH for 3 min, indicating the
destruction of the coordination of metal nodes and organic
linkers after immersion in alkaline electrolyte. Meanwhile, a
broad peak appears at #1637 cm™!, which can be assigned to the
uncoordinated carboxylate groups of [TA]*~."% To further reveal
the nature of the catalysts’ active sites, an in situ electrochemical
Raman spectroscopy is conducted. For potential below 1.40 V,
the spectra remain unchanged. However, when the potential is
increased to 1.45 V, two distinct Raman peaks evolve at around
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482 and 554 cm™, which are attributed to Ni—O vibrations of
the surface intermediate oxyhydroxide NiOOH.[®>%% The inten-
sities of both peaks increase with increasing potentials and sta-
bilize when the applied potential exceeded 1.50 V (Figure S20,
Supporting Information). In addition, the intensity ratio of the
two Ni—O Raman peaks (Iss4/l43,) can be used to evaluate the
structural disorder of NiOOH.[¥%8 As shown in Figure S21
in the Supporting Information, in situ Raman experiment
elucidates the high intensity ratio (20.84) of Iss4/lss, in the
OER potential region of 1.45-1.60 V versus RHE, suggesting
abundant defects in the SURMOF derived NiOOH catalyst.
Therefore, we can conclude that the generated Ni(Fe)-hydroxyl
species, residual organic linkers and high oxidation state of Ni
play a critical role in improving the OER performance.

The electroactive surface area (ECSA) of Catalysts and their
density of active sites can be a decisive factor for their perfor-
mance in the real application. However, the assessment of the
ECSA is a nontrivial task in the case of metal oxides. In our pre-
vious work, we demonstrated an effective strategy to estimate
the ECSA by analyzing the adsorption capacitance of OER spe-
cies, which were reversibly adsorbed on the catalyst surface.l®”!
Therefore, electrochemical impedance spectroscopy (EIS)
measurements are carried out at potentials close to the onset
of the OER on the as-prepared catalysts. The EIS data were
fitted and evaluated with the equivalent electric circuit (EEC)
model shown in Figure 7A. The EEC used in this work, also
known as Armstrong-Henderson EEC, accounts for the elec-
trolyte resistance (R;), a double layer impedance (Z4), a charge
transfer resistance (R.), adsorption resistance (R,), and the
adsorption capacitance (C,)."%”! A representative Nyquist plot
measured at 1.58 V is shown and fitted according to the EEC
model (Figure 7A). As an outcome of the fit, the adsorption
capacitances C, for the different catalyst films are presented in
Figure 7B, Figure S22B,D (Supporting Information) as a func-
tion of the applied potential. It can be seen that the C, increases
with increasing potentials, indicating the gradual activation
of catalytically active centers (active sites). Remarkably, on
Ni|Fe-[TA]-Catalyst, this activation occurs already at potentials
lower than 1.50 V, while state-of-the-art NiFe catalysts do not
show any increase in C, at potentials below 1.55 V. This is
an additional indicator for the superior catalytic performance
of this SURMOF derived catalyst. For a rough estimation of
the ECSA, the adsorption capacitance is evaluated at 1.58 V
and divided by the specific adsorption capacitance of NiFe at
the same potential, i.e., C, (NiFe @ 1.58 V) = 435 uF cm™.
This yields an ECSA of =0.32 cm?, which is =1.7 times higher
than the geometric surface area of the substrate (=0.196 cm?).
In other words, the synthesized Ni|Fe-[TA]-Catalyst has intrinsi-
cally a high density of active sites normalized to the geometric
surface area, which is an additional reason for its outstanding
activity. This is also reflected by significantly outperforming the
Fe|Ni-[TA]-Catalyst and NiFe-[TA]-Catalyst, which show much
lower C, values, as can be seen in Figure 7C.

To further study the intrinsic electrocatalytic activity of pre-
pared catalysts, the OER reaction kinetics are accessed by CV
measurements at different temperatures. Noticeably, the tem-
perature rises from 303.65 to 333.15 K results in an increased
current density for the Ni|Fe-[TA]-Catalyst (Figure 7D), con-
firming the temperature dependence of OER performance. The
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Figure 7. A) EIS data (black squares) of a Ni|Fe-[TA]-Catalyst electrode recorded at a potential of 1.58 V. The data were fitted (red line) according to
the equivalent electric circuit shown in the inset. B) Adsorption capacitances of the Ni|Fe-[TA]-Catalyst electrode as a function of potential, recorded
in a potential range from 1.50 to 1.60 V in Ar-saturated 0.1 m KOH. C) Comparison of the adsorption capacitances of the three different Catalysts.
D) Polarization curves of Ni|Fe-[TA]-Catalyst electrode measured under various temperatures with a scan rate of 5 mV s™' in O,-saturated 0.1 M KOH.
E) Arrhenius plot of the apparent exchange current as a function of temperature and F) calculated activation energy for all catalysts. The error bars

were obtained from at least three independent experiments.

related Arrhenius plots extracted at the low current region for
each of the different catalysts are linearly fitted as presented
in Figure 7E. Their apparent activation energy is calculated
via the slope of the Arrhenius plot."? Figure 7F displays the
average apparent activation energy value (=21.73 k] mol™) for
Ni|Fe-[TA]-Catalyst, which is significantly smaller than that for
NiFe-[TA]-Catalyst (=26.88 k] mol™!) and Fe|Ni-[TA]-Catalyst
(=29.70 kJ mol™).

Chronopotentiometry experiments at three different current
densities of 1.0, 2.0, and 3.0 kA g confirm the high stability
of the Ni|Fe-[TA] Catalyst for more than 34 h (Figure S23A,
Supporting Information). Interestingly, the polarization curve
after the 34-hour long-term test displays a slight increase in
comparison with that before the long-term test (Figure S23B,
Supporting Information). The redox peaks of Ni?*/Ni** show a
significantly positive shift, which can be due to the aging pro-
cess.[%® The durability of the Ni|Fe-[TA]Catalyst is also examined
via CVs. As shown in Figure S23C in the Supporting Informa-
tion, similar trends of current increase and positive shift of
redox peaks are obtained during the 400-cycle measurement,
further confirming the aging process. Consistently, SEM, XRD,
Raman, and XPS characterizations are performed to investi-
gate the chemical properties of Ni|Fe-[TA]-Catalyst after the
long-term test. In Figure S24 in the Supporting Information,
the similar interconnected nanofiber networks can be found
from the SEM image and no distinct XRD peak presents in
the GIXRD pattern. Two peaks in the Raman spectra appear at
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around 478 and 545 cm™!, corresponding to Ni—O vibrations of
the NiIOOH. XPS analysis displays that partial organic links and
abundant metal hydroxides construct the SURMOF derivatives.
These pieces of evidence reveal the excellent structural and
catalytic stability.

3. Conclusion

We have developed a facile strategy to prepare highly active
LDH-type electrocatalysts of unique morphology and micro-
structure by reconstruction and self-activation of heterostruc-
tured SURMOFs. A series of ex situ and in situ experiments
are carried out to reveal the details of the structural evolution
process. The results confirm that KOH immersion and elec-
trochemical potential cycling transform the alkaline-unstable
NiFe heterostructured SURMOFs into electrocatalytically active
derivatives. This transformation is characterized by the partial
leaching of organic linkers and the generation of NiFe hydrox-
ides/oxyhydroxides. Among the series of evaluated SURMOF
derived catalysts in this study, the Ni|Fe-[TA]-Catalyst, which is
formed from heterostructured Ni|Fe-[TA]-SURMOFs, shows the
highest OER activity with a mass activity of =2.90 kA g at an
overpotential of 300 mV. We ascribe this excellent performance
to the unique crystalline—amorphous phase obtained, which
features a high content of Ni species in a higher oxidation state,
a large electroactive surface area and a low apparent activation
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energy. In this work, we do not only study the origin of cata-
lytic activity for SURMOF-derived materials systematically, but
we also show a promising route to design and fabricate high-
efficiency electrocatalysts via the in situ reconstruction of het-
erostructured SURMOFs in alkaline electrolytes. In summary,
our results suggest SURMOF technology to provide a novel
parameter space LDH-type electrocatalyst fabrication to be fur-
ther exploited and holds promise for further OER efficiency
optimizations. More variations in the SURMOF fabrication can
be envisaged, also including different electrode substrate mate-
rials and 3D shaped structures, which all-together may cause
different kinds of kinetically controlled morphology transfor-
mation, structural metamorphosis, and self-activation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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