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ABSTRACT:

There have been growing efforts to search for active, robust and cost-effective electrocatalysts
for oxygen evolution reaction (OER). Among different candidates, Ni-Fe layered double hydroxide
(LDH) holds a great promise for its high activity closely approaching or even outperforming that of
the precious metal benchmark in alkaline media. Here, we show that its activity can be further
promoted when forming ultrathin LDH nanosheets intercalated with molybdate ions via an
exfoliation-free hydrothermal method. In 1 M KOH, these nanosheets exhibit about 3-fold larger
OER current density than regular NiFe LDH nanosheets, which was believed to be mostly
contributed by their higher available density of electrochemically active sites associated with the
ultrathin thickness. The great activity is also accompanied by remarkable durability at different
current density levels. At last, we demonstrate that these ultrathin nanosheets can also be directly

grown on Ni foam for achieving significant current densities.
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Introduction

The direct conversions of solar energy to hydrogen or hydrocarbons through water photolysis or
CO; reduction represent one of the major options humankind has to meet the ever increasing demand
for energy.'? As the common anodic half-reaction in these important processes, water oxidation or
oxygen evolution reaction (OER) holds the decisive key to their success. OER involves multi-step
proton-coupled electron transfer, and is kinetically sluggish.'” It usually demands the assistance of
electrocatalysts to lower the overpotential and improve the reaction rate and efficiency. Over the past
several decades, people have made considerable efforts searching for efficient, robust and
earth-abundant OER electrocatalysts. Of particular interest are those based on first-row transition
metals such as Fe, Co, Ni and Mn.' "’

More than 20 years ago, it was serendipitously discovered from battery research that
introducing a small amount of iron impurity to nickel oxide/hydroxide electrodes dramatically
enhanced their OER activity.'""'* Even though a detailed understanding of the promoting effect of the
impurity is still missing, iron-doped nickel hydroxide/oxide has been established as one of the most
active electrocatalysts with activity closely approaching or even outperforming those of the precious
metal benchmarks (i.e. IrO, or RuO,) in alkaline media.”'®"*"" In particular, iron-doped nickel
hydroxide in the form of layered double hydroxide (LDH) has drawn special attention.'” LDH is a
family of two dimensional layered materials built from the alternate arrangement of brucite-like
cationic layers and charge-balancing anions in the interlayer region.' Its large interlayer distance
may afford remarkable electrochemically accessible surface areas and great electrocatalytic
performance. We showed that the OER activity of NiFe-LDH could be further improved through its

covalent coupling with conductive multiwalled carbon nanotubes. " Recently, Hu and colleagues
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made considerable progress by liquid phase exfoliation of bulk NiFe-LDH to form monolayered
nanosheets.'” With most of the surface active sites exposed, these monolayered nanosheets present an
ideal and unique catalytic platform for OER electrocatalysis. Nevertheless, one main pitfall of the
liquid phase exfoliation method is its sophistication, e.g. it generally requires continuous processing
under an inert atmosphere for more than 2 days.'”?° This limitation prompts us to search for other
simple yet effective, exfoliation-free approach to prepare monolayered or few-layered NiFe-LDH
nanosheets with optimal electrocatalytic power. In this study, we showed that the incorporation of
molybdate ions as the charge-balancing species within interlayers resulted in the formation of
ultrathin NiFe-LDH nanosheets, mostly monolayered or few-layered. Compared to regular
NiFe-LDH, these ultrathin nanosheets possess over four times higher density of electrochemically

active sites, and exhibit about three times larger OER current density.

Experimental Section

Synthesis of ultrathin NiFeMo nanosheets. In a typical synthesis, 0.45 mmol of NiAc;, 0.05 mmol
Fe(NO3); and 0.1 g of (NH4)¢M070,4'4H,0 were first dissolved in 10 ml of distilled water. Then,
0.12 g of urea was added to the above solution, and stirred for 30 min. The resulting solution was
transferred to a 20 ml Teflon-lined autoclave, and hydrothermally treated at 160 °C for 2-10 h. Final
products were collected by centrifugation, repetitively washed and vacuum-dried.

Material characterizations: X-ray diffraction (XRD) was performed on PANalytical X-ray
diffractometer at a scan rate of 0.05°s. Scanning electron microscopy (SEM) images were taken
from Zeiss scanning electron microscope. Transmission electron microscopy (TEM) was conducted

on FEI Tecnai F20 transmission electron microscope at an acceleration voltage of 200 kV. X-ray
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photoelectron spectra (XPS) were collected on an SSI S-Probe XPS Spectrometer. Raman spectra
were collected from Renishaw inVia plus Raman microscope with 514 nm wavelength laser
excitation under 1 mV power.

Electrochemical Measurements. 1 mg of catalyst, 0.5 mg of Ketjen black and 5 ul of 5 wt% Nafion
solution were dispersed in 0.25 ml of 1:1 v/v water/ethanol with the assistance of at least 30 min
sonication to form a homogeneous ink. For measurements on regular glassy carbon electrode, 5 ul of
the catalyst ink was loaded onto the working electrode of 3 mm in diameter (loading 0.28 mg/cmz).
For measurements on glassy carbon rotating disk electrode, 14 pl of the catalyst ink was loaded onto
the working electrode of 5 mm in diameter (loading 0.28 mg/cm?). For measurements on carbon
fiber paper, 70 pl of the catalyst ink was loaded onto the working electrode of 1x1 cm? (loading 0.28
mg/cm?).

Electrochemical measurements were carried out in 1 M KOH within a standard three electrode
system controlled by a CHI 660E potentiostat. Graphite rod was used as the counter electrode and
saturated calomel electrode as the reference electrode. Prior to data collection, the electrocatalyst was
cycled until a stable curve was developed. Cyclic votammertry (CV) data was collected at 10 mV/s.
Chronopentiometry data were collected under a constant current density specified in the paper on
RDE, carbon fiber paper or Ni foam electrode. Experiments involving RDE were conducted with the

working electrode continuously rotating at 1600 rpm to get rid of the oxygen bubbles.

Results and Discussion
Intercalation of molybdate ions has been previously demonstrated for some LDHs including

MgAI-LDH and ZnAI-LDH by co-precipitation or ion-exchange method, but never studied for

Page 4 of 18



Page 5 of 18

Journal of Materials Chemistry A

NiFe-LDH.»'* Here, we prepared ultrathin nanosheets of molybdate-intercalated NiFe-LDH
(hereafter denoted NiFeMo) using a facile hydrothermal method (see Experimental Details). During
the reaction, Ni*" and Fe’" with a molar ratio of 9 were hydrolyzed upon the gradual thermal
decomposition of urea in the presence of molybdate salt. Negatively charged molybdate ions were
believed to be readily trapped within the gallery of resulting LDH (Figure 1a). Due to the alkaline
synthetic environment, they do not polymerize and exist as MoO4*.** The nominal formula of
NiFeMo was determined to be Ni(“’m)ggFe(m)o_1(OH)2(MOO4)O,33(H20)X based on inductively coupled
plasma (ICP) analysis over multiple samples.

We first interrogated the structure of NiFeMo through x-ray diffraction (XRD). LDHs have
analogous structures to brucite but with enlarged interlayer distance.'® Compared to the latter, regular
LDHs usually feature intense (00/) diffraction peaks owing to their high periodicity and preferential
crystallographic orientation along the c-direction, whereas other diffraction peaks are much
diminished. Such a difference is best illustrated by comparing the XRD patterns of regular
NiFe-LDH and brucite -Ni(OH), prepared via procedures described in our previous reports (Figure
1b)."*** In stark contrast, NiFeMo exhibits pronounced (100) and (110) diffraction peaks in the same
position as those of B-Ni(OH), (Figure 1b). Its (00/) set of diffraction peaks are largely suppressed
but still discernible, strongly evidencing the lower periodicity in the direction normal to layers. This
is the first indication of the formation of ultrathin nanosheets. To demonstrate the intercalation of
molybdate ions within these ultrathin nanosheets, Raman spectra were collected between 200 cm™ to
1000 cm™ as shown in Figure 1c. Both NiFeMo and NiFe-LDH exhibit bands at 456 cm™ and 523
cm'l, which are assignable to the stretching vibration of Ni-OH in LDH materials.'® In addition, there

are several featured modes of MoO42' in the Raman spectrum of NiFeMo. These modes are observed
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at 319 cm™, 345 cm™ (bending modes), 854 cm’ (antisymmetric stretching mode), 914 cm™, 938
cm’ (symmetric stretching modes).”> All of them unambiguously suggest that ultrathin LDH
nanosheets in our study are intercalated with MoO42'.

We further carried out electron microscopic and spectroscopic characterizations to study the
morphology and microstructure of NiFeMo nanosheets. Under scanning electron microscopy (SEM),
these nanosheets appear as dark colloidal flakes with a texture resembling that of dried graphene
oxide (Figure 2a). Transmission electron microscopy (TEM) examination unveils that NiFeMo
nanosheets have a lateral dimension about several hundred nanometers. They are mostly less than
three atomic layers thick, with a considerable fraction of monolayers identified. For example, Figure
2b shows such a monolayered nanosheet with clean edges and uniform contrast over the entire
nanosheet. Its ultrathin thickness is almost transparent to electron beam inasmuch the lacy carbon
back support can be clearly captured through the nanosheet. Figure 2c¢ shows a few-layered
nanosheet. From its curved-up edges, we estimate that the thickness is 2~3 atomic layers, and the
interlayer distance is ~0.7 nm. It is worth noting that this interlayer distance is close to that of
molybdate intercalated MgAI-LDH (hydrotalcite).”*** Unfortunately, since these ultrathin nanosheets
are highly susceptible to thermal damage under strong electron beam radiation, we had difficulty in
performing detailed high-resolution TEM imaging. Selected area electron diffraction (SAED) pattern
of NiFeMo nanosheet reveals a set of diffraction spots with six-fold symmetry (insert of Figure 2b).
It reflects the brucite-like hexagonal arrange of edge-sharing MOy octahedra within each layers.
Large-area energy dispersive spectrum (EDS) analysis confirms the presence of Ni, Fe, Mo and O
(Figure 2d). Furthermore, to corroborate their ultrathin thickness, NiFeMo nanosheets were dispersed

on a silicon wafer for atomic force microscopy (AFM) examination. The typical AFM image was
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depicted in Figure 2e. Its corresponding height profile shows an average thickness of ~0.5 nm, close
to the thickness of a monolayered nanosheet. High-resolution x-ray photoelectron spectroscopy (XPS)
spectra of Ni and Fe in NiFeMo are consistent with those of regular NiFe-LDH."? XPS spectrum of
Mo also agrees with Mo(VI) in molybdate (Supporting Information Figure S1).

The presence of molybdate ions during the synthesis is critical to the formation of LDH
nanosheets with monolayered or few-layered thickness. Even though still uncertain about the exact
role they plays, we hypothesize that these negatively charged species might stabilize individual
positively charged LDH nanosheets and make it thermodynamically or kinetically unfavorable for
nanosheets to further extend along the c-direction. Control experiments showed that the simple
co-precipitation of Ni*" and Fe*"in the absence of molybdate only yielded thicker irregular particles
with a mixed LDH and B-Ni(OH), phase (Supporting Information Figure S2). However, the
introduction of excessive molybdate (Mo/(Ni+Fe)>2) was found to result in a new compound having
the NiMoOj crystal structure and with nanowire or nanobelt morphology.

Electrocatalytic activity of NiFeMo nanosheets for OER was evaluated in alkaline electrolytes.
Experiments were conducted in a standard three-electrode system using a carefully calibrated
saturated calomel electrode (SCE) as the reference electrode and a graphite rod as the counter
electrode. Catalyst powders were blended with conductive carbon black and Nafion polymer binder,
and then uniformly cast onto a glassy carbon electrode as the working electrode. Results were
benchmarked against the commercial 20 wt% Ir/C catalyst from Premetek Co, and thin NiFe-LDH
nanosheets prepared following our previous report (hereafter denoted as NiFe). In 1 M KOH, the
cyclic voltammetry (CV) of NiFeMo exhibits a pair of redox waves centered at ~0.33 V (vs. SCE),

it

characteristic of the redox chemistry of Ni'/Ni"" under the inductive effect of Fe (Figure 3a).
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Electrocatalytic oxygen evolution on NiFeMo commences at ~0.40 V, corresponding to a low
overpotential () of ~240 mV. This value is improved by ~30 mV compared to both NiFe and the
Ir/C benchmark. The overpotentials required to drive an anodic current density of 10 mA/cm? are
280 mV, 310 mV and 315 mV for NiFeMo, Ir/C and NiFe, respectively. The measured activity of
NiFeMo is among the best single-component OER electrocatalysts, albeit still not as good as some
hybrid materials with conductive carbon (Supporting Information Table S1). Electrochemical
impedance analysis at # = 320 mV also suggests NiFeMo has smaller charge transfer impedance than
NiFe (Supporting Information Figure S3). Furthermore, we investigated the influence of Fe/Ni ratio
on the electrochemical performance of the final products. It was found that 10 at% Fe affords the
optimal OER activity (Supporting Information Figure S4). Adding more than 20 at% Fe adversely
affects the performance.

To glean the kinetic information of OER electrocatalysis, we performed Tafel analysis of the
three electrocatalysts. They were biased at different overpotentials for sufficiently long time. Only
the steady-state OER current density free of capacitive contribution was measured and plotted as a
function of the overpotential as shown in Figure 3b. Fitting these data points yields linear lines with
different slopes in the overpotential range of 0.25~0.30 V. Interestingly, both NiFeMo and NiFe have
a Tafel slope of 40 mV/decade, but steady-state OER current density of the former is ~2.7-fold larger
than that of the latter. The same Tafel slope suggest that the two electrocatalysts share the same
rate-determining step and hence a similar electrocatalytic nature for OER. The value is also in a good
agreement with the reported number for monolayered NiFe-LDH nanosheets from liquid phase
exfoliation,"” and is smaller than that of Ir/C (55 mV/decade). It has to be added that the Tafel slope

for Ir/C measured here may be overestimated due to its continuous degradation over the course of the
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measurement.

Furthermore, we probed the origin of the enhanced OER activity of NiFeMo over NiFe by
comparing their density of electrochemically active sites. Even though the exact reaction mechanism
of Fe-doped Ni hydroxides or oxides is still under debate, it has been suggested that Ni species
within this type of electrocatatlysts function as the active sites, and neighboring Fe species induce
partial charge transfer to Ni sites, and activate them for OER electrocatalysis.'®!” Given that only
surface Ni sites directly participate in the reaction, we approximate the number of active sites by the
number of redox-active Ni sites form the integration of Ni'/Ni'' anodic wave assuming a
one-electron transfer process.'” It is thereby estimated that the density of electrochemically active
sites on NiFeMo is about 4.3 times higher than NiFe. This number of increase can be justified if we
consider a model in which nanosheets with an average thickness of ~10 atomic layers (for NiFe)
were reduced to 1~3 atomic layers (for NiFeMo). We believe that it largely accounts for the 2.7-fold
increase in OER current density. Similar effects were also noticed in the study of monolayered NiFe,
CoCo and CoMn-LDH nanosheets from liquid phase exfoliation.'*

A notorious problem plaguing OER electrocatalysts is their insufficient stability. The highly
oxidizing environment they are exposed to can cause the degradation of most chemical functional
groups. For example, the instability of IrO, and RuO; in alkaline electrolytes is well documented.*
Despite their popularity among literature, MnOy as OER electrocatalysts has a large propensity
toward further oxidation to soluble Mn"".?" Our previous investigation also revealed that Co or
Fe-based catalysts were subjected to significant morphological change at positive potentials pertinent
to OER.”® Relatively speaking, Ni-based catalysts have better electrochemical stability and corrosion

resistance. Here, the chronopotentiometry response (V~t) of NiFeMo was collected on different
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experimental setups and at several different anodic current densities. Experiments were first carried
out at j =5 mA/cm’® on rotating disk electrode with a continuous rotating speed of 1600 rpm to
ensure no accumulation of oxygen bubbles on the electrode surface. As shown in Figure 3¢, NiFeMo
catalyst displays a nearly constant operating potential at ~0.44 V for over 6000 s. Under the same
condition, the Ir/C benchmark starts at ~0.46 V, but undergoes a gradual increase of ~30 mV during
the course of the measurement (Figure 3c). For long-term stability assessment, NiFeMo was loaded
on a carbon fiber paper electrode and biased at j = 5 mA/cm?®, 10 mA/cm’ and 20 mA/cm’,
respectively, each for 8 h. As shown in Figure 3d, within each stage, the potential profile remains
almost constant in spite of some slight fluctuation. These measurements confirm the good
electrochemical stability of NiFeMo under OER conditions.

It is sometimes desirable to directly grow electrode materials on conductive current collectors
for electrochemical applications including batteries and electrocatalysis.5’29 Direct growth of
electrode materials usually improves their electrical and mechanical contact to underneath current
collector, and at the same time eliminates the need of polymeric binding additives which commonly
introduce additional resistance. Here, we demonstrate that the facile hydrothermal synthesis is also
amenable to the direct growth of ultrathin NiFeMo nanosheets on current collectors such as Ni foam.
Compared to planar glassy carbon electrode, Ni foam offers a three-dimensional porous framework
with superior electric conductivity and large accessible surface areas. As a result, using Ni foam as
the current collector usually permits a much higher catalyst loading as well as reduced ohmic drop
within the current collector or at the current collector/electrocatalyst interface. Figure 4a shows the
photos of NiFeMo on Ni foam electrode. Under SEM, the entire Ni foam framework is revealed to
be uniformly coated with ultrathin nanosheets (Figure 4b,c). They have ripples, folds and wrinkles,

10
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again reminiscent of the common surface morphology of graphene nanosheets.

The CV curve of NiFeMo nanosheet-coated Ni foam displays features similar to that collected
on glassy carbon electrode except for larger redox waves and OER current density (Figure 4e). It
delivers a remarkable anodic current density of 100 mA/cm” at 0.46 V and 200 mA/cm” at 0.48 V.
The high electrocatalytic performance is mainly contributed by NiFeMo inasmuch bare Ni foam has
negligible OER activity under the investigated potential range. We likewise evaluated the durability
of nanosheet-coated Ni foam electrode. As shown in Figure 4f, during the course of successive
biasing under large anodic current density of j = 20 mA/cm” and then 50 mA/cm?® each for 10 h, the
electrode presents an initial activation followed by stable potentiometric response. Furthermore, we
examined the surface morphology of nanosheet-coated Ni foam electrode at the end of 20 h
durability test (Figure 4d). It is apparent that NiFeMo nanosheets on electrode surface become
roughened with the formation of rich ridges and cavities. We believe such a morphological change is
caused by the surface tension of evolving oxygen bubbles. It stretches or squeezes flexible
nanosheets, significantly modifying their surface morphology. However, we do not observe any
significant film rupture over the entire electrode. This corroborates the robustness of
nanosheet-coated Ni foam electrode even under large operation current densities with vigorous

evolution of oxygen bubbles.

Conclusions

In summary, we prepared ultrathin nanosheets of molybdate intercalated NiFe-LDH by an
exfoliation-free hydrothermal method, and demonstrated them as highly efficient and durable
electrocatalysts for oxygen evolution reaction in alkaline media. NiFeMo nanosheets only need an

overpotential of ~280 mV to drive 10 mA/cm?®, comparing favorably to the Ir/C benchmark and
11
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regular NiFe nanosheets. Their improved electrocatalytic performance is believed to result from the
higher available density of electrochemically active sites associated with the ultrathin thickness.
Moreover, we showed that the synthetic method could also be applied to the direct growth of
NiFeMo nanosheets on Ni foam, giving rise to working electrodes capable of delivering significant

current density with remarkable robustness.
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Figure 1. (a) Schematic crystal structure of NiFeMo. (b) XRD patterns of NiFeMo along with NiFe
and B-Ni(OH), for comparison, the suppressed (00/) peaks for NiFeMo are indicative of ultrathin

nanosheet thickness. (c) Raman spectra of NiFeMo and NiFe showing the fingerprint vibrations of

Ni-OH and MoO,*.
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Figure 2. Microscopic characterizations of ultrathin NiFeMo nanosheets. (a) SEM image, (b-c) TEM

images with corresponding SEAD pattern shown as the insert of (b), (d) large-area EDS analysis, and

(e) AFM image with associated height profile.
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Figure 3. Electrochemical measurements of NiFeMo nanosheets for OER electrocatalysis. (a) CV
curve of NiFeMo along with NiFe and 20 wt% Ir/C for comparison. (b) Their corresponding
steady-state current densities at several overpotentials

fit by the Tafel equation.

(c)
Chronopotentiometry response (V~t) of NiFeMo and Ir/C electrocatalysts when loaded on rotating

disk electrode. (d) Chronopotentiometry response of NiFeMo at different current densities when

loaded on carbon fiber paper. The electrolyte in use is 1| M KOH.
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Figure 4. Electrocatalytic performance of Ni foam electrodes covered with directly grown NiFeMo
nanosheets (NiFeMo/Ni). (a) Photos of as-made and aged NiFeMo/Ni electrode. (b-c) SEM images
of as-made NiFeMo/Ni electrode. (d) SEM image of used NiFeMo/Ni electrode after extensive
durability measurement. (¢) CV curves of NiFeMo/Ni electrode and bare Ni foam electrode. (f)

Chronopotentiometry response of NiFeMo/Ni at j = 20 mA/cm® and 50 mA/cm’.
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Incorporation of molybdate ions in NiFe-LDH structure leads to the formation of ultrathin

nanosheets with enhanced OER performance.
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