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ABSTRACT: Diverse transition metal hydroxide nanostructures were synthesized by laser-induced hydrolysis in a liquid
precursor solution for alkaline oxygen evolution reaction (OER). Several active OER catalysts with fine control of composition,
structure, and valence state were obtained including (Li,)[Nij¢Mng34(OH),](NO;)(CO;) - mH,0, Li,[Nij¢;Coq33(OH),]-
(NO3)025(ORO)g 55 - mH,0, etc. An operate overpotential less than 0.34 V at current density of 10 mA cm ™2 was achieved. Such
a controllable laser—chemical route for assessing complex nanostructures in liquids opens many opportunities to design novel

functional materials for advanced applications.
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Water splitting for large-scale production of hydrogen gas

is an important strategy for the efficient storage of
intermittent renewable energy sources.'™> However, the
efficiency of water electrolysis is often constrained by the
slow kinetics of one of the half reactions, that is, alkaline oxygen
evolution reaction (OER), which requires large overpotentials
relative to the hydrogen evolution reaction (HER) to generate
appreciable current densities."”> The search for OER electro-
catalysts that operate at high current densities with low
overpotentials has resulted in the discovery of numerous
transition metal oxides™* and some transition metal hydr(oxy)-
oxides*™” consisting of earth-abundant materials that show
decent activities for the OER. The valence states of transition
metal ions and the atomic coordination have been considered
as important factors for tuning the catalytic activities of these
materials.*® However, it is challenging to control their
structures and metal valence states, which makes it difficult to
tune the electrocatalytic properties.
To pursue efficient transition metal hydroxide catalysts by
design, Markovic et al.’> proposed another fundamental
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descriptor, that is, OH,;-M**? bond strength, where the overall
catalytic activities decline with the increase of OH,4-M>*® bond
strength (ie, OH—-Ni < OH—Co < OH-Fe < OH—Mn).
Recently, reports suggest that mixed transition metal species
with multiple types of catalytic active sites may enhance the
overall catalytic properties.'”'" And, in general, enhancing the
accessibility of reactants to these catalytic active sites could
improve the catalytic properties. '> There is evidence that larger
spacing between atomic sites can facilitate the diffusion of H,O
molecules through the material '* such as amorphous SiO, with
silica rings of 6 A in diameter, '* graphene layers with 5.5 A
pores, 1S and carbon nanotubes with the inner diameter of 8.14
A. '® We propose a three-dimensional catalyst of mixed
transition metal ions in which the catalytic sites are distributed
throughout the bulk interior during electrocatalysis for OER.

Received: January 4, 2015
Revised:  February 11, 2015
Published: February 27, 2015

DOI: 10.1021/acs.nanolett.5b00026
Nano Lett. 2015, 15, 2498-2503


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.5b00026

Nano Letters

OK

coi

H:0

Nbi w
5 1050 1350 1650 525 535 545 555
Wavenumber (cm™) Energy (eV)

(003)

(006)

D

J\J\tjt

850 860 870 880
3 Energy (eV)

y MnLs2

2 3
\l

JW
A

: _/\/\_,1

i (012)
L 1(015)

N P R T I
10 20 30 40 50 60
20 (degree)

640 650 660
Energy (eV)

Figure 1. Structure and morphology of (Li)—Ni—Mn—OH nanorods synthesized by laser irradiating aqueous solutions with Li:Ni:Mn ratios of
0:0.5:0.5 (Sample 1), 0.5:0.5:0.5 (Sample 2), and 1.0:0.5:0.5 (Sample 3). (A) Low-magnification and high-resolution TEM images of the nanorods
from Sample 2. (B) FT-IR spectrum of the nanorods (Sample 2). (C) STEM images and EDS mapping of the corresponding (Li)—Ni—Mn—OH
nanorods of the three samples. The scale bar is S0 nm. (D) XRD patterns of the corresponding (Li)—Ni—Mn—OH nanorods shown in panel C. The
reference phase (marked with black lines) is rhombohedral a-nickel hydroxide (JCPDS 380715). The black triangles indicate the Mn-enriched phase
in the shell of the Li—-Ni—Mn—OH nanorods. (E) Oxygen K-edge, Ni L-edge, and Mn L-edge XAS/TEY spectra of the corresponding (Li)—Ni—

Mn—OH nanorods in panel D.

Such three-dimensional catalysts are highly defective hydrox-
ides with distorted layered structure, so the H,O molecules can
either diffuse between the layers or penetrate through the
vacancies within the layers for accessing more redox-active
metal ion sites in the bulk volume (see the schematic diagram
in the Supporting Information, Figure S1).

We use a laser—chemical route with a nanosecond pulsed
laser irradiating a precursor solution for accessing those three-
dimensional electrocatalysts. Complex metal hydroxide nano-
structures with various combinations of transition metal ions
(Ni, Co, Fe, Mn, etc.), controlled structures, and tuned metal
ion valences were fabricated for efficient alkaline OER. As
compared to the conventional coprecipitation approach to
fabricate complex hydroxides,'” where metal ions (M®") react
with hydroxyl ions (OH™) in an alkaline solution (typically with
H,0, as oxidant), which leads to layered double hydroxides
formulated as [M**,_,M**,(OH),]"(X"7),/, - yYH,O (in general
Z =2, and x is in the range of 0.2—0.33; X stands for the anions
located between the metal ion layers), the laser—chemical route
has high flexibility in controlling the morphology, structure,
composition, and metal valency. This allows us to compare the
structure- and valence-state-determined catalytic activities of
the complex hydroxides from which optimized complex
hydroxide electrocatalysts for the alkaline OER have been
achieved.

Herein, we first use different combinations of transition
metal ions (Ni, Co, or Mn) to achieve Ni—Mn—OH, Ni—Co—
OH, and Ni—-Mn—Co—OH compounds. Then, we add the
additional Li ions to produce Li—Ni—Mn—OH, Li—Ni—Co—
OH and Li—Ni—Mn—Co—OH compounds, inspired by the
fact that alkali metal ions (ie., Li*) may chan§e the electronic
structure and conductivity of electrocatalysts.”'' By changing
Li" ion concentration in the precursor solutions, we aim to tune
the 3D metal valence and thus modify the catalytic activities.

2499

To further manipulate the structure and metal valences of the
complex hydroxides, different types of solvents, that is, either
water or (tri)ethylene glycol, were used.

By taking (Li)—Ni—Mn—OH as a model system, we first
tune the structure of (Li)—Ni—Mn—OH nanostructures by
laser irradiating the mixed nitrates aqueous solutions where the
Li:Ni:-Mn molar ratios of 0:0.5:0.5 (Sample 1), 0.5:0.5:0.5
(Sample 2), or 1.0:0.5:0.5 (Sample 3) were used. Figure 1,
panel A shows the typical (Li)—Ni—Mn—OH nanorods
synthesized in water (Sample 2). The high-resolution trans-
mission electron microscopy (TEM) image shows that the
nanorod has a distorted layer structure with the (003) lattice
spacing of ~7 A. The Fourier transform infrared (FT-IR)
spectrum in Figure 1, panel B indicates the existence of nitrate
ions (NO;"), carbonate ions (CO;>~, may be generated from
the dissolved CO, in the solutions), and water molecules in the
as-produced compound. The X-ray photoelectron spectroscopy
(XPS) spectrum confirms the incorporation of Li ions in the
structure (Supporting Information, Figure S2B).

We examined the effect of Li ions on the structural
evolutions of the nanorods, shown by the scanning trans-
mission electron microscopy—energy dispersive X-ray spectros-
copy (STEM—EDS) mapping in Figure 1, panel C and by X-ray
diffraction (XRD) in Figure 1, panel D. The EDS maps display
that Ni and Mn ions are distributed uniformly in the nanorods
when no Li* was added (Sample 1). With the addition of Li* in
the precursor solution, phase segregation occurs, and core/shell
Li—Ni—Mn—OH nanorods with Ni rich in the core and Mn
rich in the shell are obtained (Sample 3). An excess of Li* ions
could generate another Li-enriched shell over the Mn shell
(Supporting Information, Figure S3). XRD pattern reveals that
the nanorods are isostructural with the rhombohedral a-nickel
hydroxide (JCPDS 380715, line markers in Figure 1D), where
the d spacing of (003) peak is about 7.0 A (which is consistent
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Figure 2. Controllable synthesis of Li—Ni—Mn—OH by laser irradiation of precursor solution in TEG. The precursor solution was prepared by
dissolving LiNO;, Ni(NO,),, and Mn(NOj;), in TEG solutions with the Li:Ni:Mn molar ratio of 1:0.5:0.5. Typically, the production rate in TEG is
in the range of 250—350 mg/h. (A) SEM image, (B) low-magnification TEM image, and (C) high-resolution TEM image of the flake-like Li—Ni—
Mn—OH, respectively. (D) FT-IR spectra and (E) TGA curves of the as-synthesized Li—Ni—Mn—OH in TEG and water. (F) XRD patterns and
(G) O K-edge, Ni L-edge, and Mn L-edge XAS/TEY spectra of the Li—-Ni—Mn—OH compounds produced by laser irradiating a precursor solution
in TEG, EG, and water. The triangles in panel G show the shifts of the Mn L,-edge.

with the structure determined by high-resolution TEM
(HRTEM) in Figure 1A). Two additional peaks (d spacing of
0.845 and 0.423 nm; marked as black triangles) are observed in
samples with more Li*, which indicates a phase mixture. The
HRTEM results (Supporting Information, Figure S2C) confirm
that, other than the smaller lattice of 7.0 A, a larger lattice with
spacing of 8.4 A is also identified from the core/shell nanorods
in Sample 3, which indicates the lattice expansion of the layered
spacing in the Mn-rich shell.

Figure 1, panel E shows the O K-edge, Ni L-edge, and Mn L-
edge X-ray absorption spectroscopy total electron yield (XAS/
TEY) spectra of the three samples, from which the electronic
structures of the metal ions can be identified (see more
information in the Supporting Information). From the fine-
structure in the L; edge, it is clear that the Ni ions are divalent
in all three products, but the valence of Mn ions varied
significantly.'® The shift of Mn L, edge toward higher energies
(marked as triangles in Figure 1E) indicates the increasing of
oxidation state of Mn ions. Without lithium (green curve;
Sample 1), Mn ions are 3+, similar to what is found in Ni/Mn
layered double hydroxides.'” With the increased Li:(Ni + Mn)
molar ratio to 0.5:1.0 (Sample 2), the Mn ions have mixed
valences of 2+, 3+, and 4+. When the Li:(Ni + Mn) molar ratio
reaches 1.0:1.0, Mn ions are mostly 4+ (Sample 3). Although
all oxygen-containing functional groups (e.g, water, nitrate,
etc.) within the probing depth will contribute to the O K-edge
spectrum, the lowest energy feature (~529 eV) can be uniquely
associated with the transition metal derived states in higher
valency of Mn."”*® Upon lithiation, we note the distinct
increase in this feature and its energetic alignment with
MnO,." By comparing the pre-edge intensity with the overall
O K-edge XAS spectrum, it was seen that Sample 3 shows
significantly increased contribution of Mn-hydroxyl at the
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surface, which is consistent with the Mn-enriched shell
determined by XRD, TEM, and ESD mapping. On the basis
of the above analyses, we formulate the series of crystalline
complex hydroxide nanorods synthesized in water as (Li,)-
[Nig esMng34(OH),](NO;)(CO;) - mH,0, where the nitrate
ions, carbonate ions, and water molecules are likely located
between the positively charged metal layers to sustain the
stability of the material structure (Supporting Information,
Figure S1).

When ethylene glycol (EG) or triethylene glycol (TEG)
instead of water is used as solvent, the laser—chemical reactions
are drastically different; a polymer-like gel is typically generated
after laser irradiation, and an amorphous compound with lower
valence states of metal jons is obtained. Figure 2 displays the
characteristic features of Li—Ni—Mn—OH compounds synthe-
sized in TEG compared with that synthesized in water and EG.
The SEM and TEM images of the powder show nanoflakes
with flower-like architecture (Figure 2A,B), where distorted and
defective thin layers of the nanoflakes are revealed by the
HRTEM image (Figure 2C). In the FT-IR spectra of
amorphous Li—Ni—Mn—OH (Figure 2D), besides the nitrate
stretching frequency at 1380 cm™, CO;>” absorption at 1420
cm™!, and O—H bending of water at 1640 cm™, the bands at
1091 and 1320 cm™" can be assigned to the C—O stretching of
alkoxide ligands and the acyl C—O stretching, respectively.
Thermogravimetric analysis (TGA, Figure 2E) shows that the
product made in TEG has a much larger weight loss (about
60%) upon heating than that synthesized in water (about 30%).
It is likely that extra species, that is, alkoxide ligands, besides
water molecules exist in the structure, which results in larger
weight loss of the compound synthesized in TEG.

The XRD patterns (Figure 2F) show a broad peak at low
angles for the compounds fabricated in glycols, which suggests
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the low crystallinity (likely amorphous) of the structure. This is
consistent with the structure shown in the HRTEM images
(Figure 3C; note that the material produced in EG is composed
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Figure 3. Synthesis of Li—Ni—Co—OH nanocomposites by laser
irradiation of precursor solutions with Li:Ni:Co molar ratio of
1.0:0.5:0.5. (A) SEM image and (B) HRTEM image of the as-
synthesized Li—Ni—Co—OH nanowires by laser irradiation of the
nitrate mixture in water. (C) STEM—EDS profile of the Li—Ni—Co—
OH nanowire in panel A. (D) XRD patterns and (E) Ni Ly-edge and
Co L;-edge XAS/TEY spectra of the Li—Ni—Co—OH compounds
produced by laser irradiating a precursor solution in water and TEG.
The arrow in the Co L;-edge XAS/TEY spectra indicates the increase
of XAS intensity in the Co ions oxidation states at higher energy.

of interwined thin layers similar to those synthesized in TEG,
see Supporting Information, Figure S4). The XAS/TEY spectra
(Figure 2G) show that the products obtained from different
solutions have distinct valence states. The Ni ions stay as 2+ in
all the products, and Mn ions exist mainly as 2+, 3+/2+, and 4+
in EG, TEG, and water, respectively.l&21 We note that in the O
K-edge XAS spectra of the products made in EG and TEG, no
obvious Mn-derived states are present, which indicates the
encapsulation of an oxygen-containing species, that is, the
alkoxide groups, at the surface. Through the EDS mapping and
XAS valency determination, the amorphous hydroxide Li—Ni—
Mn—OH synthesized in glycols can be formulated as
Li [Nig s Mng 5,2 Mn,* (OH),](NO,)g.1(ORO) .5
mH,O, where the metal ions have disordered coordination
and are balanced by hydroxyl (OH™) and alkoxide ligands
(O™—R-07, R = C4H;,0,) as well as a small portion of nitrate
and carbonate ions.

Furthermore, we replaced the Mn ions with Co ions in the
precursor solution to further tune the structure of Li—Ni—Co—
OH nanocomposites. Figure 3, panel A shows the SEM image
of the as-synthesized Li—Ni—Co—OH nanowires with laser
irradiation of an aqueous solution. The HRTEM image (Figure
3B) displays that the nanowire has a layered lattice with d-
spacing of 0.70 nm. The STEM—EDS analyses (Figure 3C)
show that the nanowire is a bundle of nanofibers with Ni, Co,
O, and N distributed uniformly in the structure. The XRD
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result (Figure 3D) shows that the nanowire has a similar
structure to the as-synthesized Li—Ni—Mn—OH nanorods in
Figure 1. For comparison, amorphous Li—Ni—Co—OH can
also be achieved by laser irradiating the mixed nitrate
precursors in TEG (Figure 3D, note that it has a similar
flake-like nanostructure with the amorphous Li—Ni—Mn—OH
in Figure 2). The XAS spectra (Figure 3E) show that Ni ions
stay as 2+ in both the crystalline Li—Ni—Co—OH nanowires
and the amorphous Li—Ni—Co—OH nanoflakes, whereas Co
ions have distinct oxidation states, which could be assigned to 2
+6 (0 < 5 < 1) and 2+ for the crystalline and amorphous Li—
Ni—Co—OH nanocomposites, respectively. Accordingly, we
could formulate the as-synthesized nanocomposites as
Lix[Ni0.802+C00.202+5(OH)2](NO3)0.95 mH,0 and
Li,[Nig6,""C0p35> (OH),](NO3)p25(ORO)g 35 - mH,O for
the crystalline and amorphous Li—Ni—Co—OH, respectively.

By using such a laser—chemical route, we have also achieved
many other systems with different combinations of metal ions
with high-level control of morphologies, structures, composi-
tions, and valences. By following the same design principles
described above, we prepared 12 samples of (Li)—transition
metal complex hydroxides with different combinations of
transition metal ions, grouped into three categories, that is,
(Li)-Ni—Co—OH, (Li)—Ni—Mn—Co—OH, and (Li)—Ni—
Mn—OH (Supporting Information, Figures SS and S6 and
Tables S1 and S2). Typically, the products obtained in water
are crystalline and those in TEG (or EG) are amorphous
(Supporting Information, Figure SS). The metal ions show
lower valency in products synthesized in TEG than those in
water (Supporting Information, Figure S6). The surface areas
for all the catalysts measured from low-temperature Brunauer—
Emmett—Teller (BET) surface area testing are in the range of
10—20 m*/g.

We applied the as-prepared (Li)—transition metal complex
hydroxides for electrocatalysis of OER in alkaline solution. As
shown in Figure 4, panel A, many of the complex hydroxides
show favorable activity and achieve 10 mA cm™ current
densities per geometric area at overpotentials of # < 0.4 V.
Moreover, most of the materials show good 2-h stability as well;
they show relatively little change in operating overpotential at
10 mA cm™ over the course of 2-h constant current
polarization (i.e.,, 7n < Meqn), as shown in Figure 4, panel
B. Some catalysts even show significant enhancements in
activity during the 2-h constant polarization. For instance, a
steady overpotential of 0.337 & 0.007 V (at 10 mA cm™2) was
achieved for the amorphous Ni—Co—OH, which has an initial
overpotential of 0.390 + 0.008 V at 10 mA cm™2 Future
optimization of the Ni—Co—OH structure may lead to
enhanced catalytic performances.

These OER results for the 12 samples with different
structures and transition metal valences are summarized in
Figure 4, panel C and Supporting Information Tables S1 and
S2. Although it is difficult to quantitatively compare the
intrinsic activity of these materials with others from the
literature due to differences in loading, surface area,
conductivity, etc., the activity per geometric area is comparable
to several other recently reported catalysts for OER in alkaline
solution®'**** (see the comparison with more benchmarking
electrocatalysts by the same evaluation methodology in
Supporting Information, Figure S7 and Table S3). The results
show a trend that the amorphous compounds are generally
more active than their crystalline counterparts. This is likely
because the amorphous hydroxides are highly defective and
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Figure 4. Activity and stability of (Li)—3D metal complex hydroxides for electrocatalysis of alkline OER. (A) Rotating disk voltammograms of
electrocatalytic activity for selected four immobilized catalysts. The horizontal dashed line at 10 mA cm™ per geometric area is roughly the current
density expected at the anode of a 10% efficient solar water-splitting device operating under 1 sun illumination.>** The overpotential required to
achieve this current density is a convenient figure-of-merit for OER electrocatalysts for possible use in integrated solar water-splitting systems.** (B)
The 2-h stability plot of the overpotential required to achieve a current density of 10 mA cm™2 for four representative catalysts. The 2-h stability of
typical IrO, catalyst is also plotted here for cc;)mparison.23 (C) Overpotential values required to achieve 10 mA cm™ of 12 catalysts at time = 0 and
time = 2 h with standard deviation. The average overpotential required to achieve 10 mA cm™> per geometric area after 2 h of constant electrolysis
(=ap) is reported for each catalyst along with standard deviations measured with at least three independently prepared catalytic surfaces. Note: the
crystalline catalysts are labeled with “(c)”, and the amorphous ones are labeled with “(a)”. The variable &, (0 < §, < 1) is used to describe the valence

differences where 8, < §, < J; is noted.

hydroxyl-deficient, the unsaturated sites and disordered
coordination of metal ions are dominant. As a result, the
water molecules can either diffuse between the distorted layers
or penetrate through vacancies within the layers, which makes a
great number of metal ions even in the bulk interior redox-
active (see the structure scheme in Supporting Information,
Figure S1). The three-dimensional catalyst enhances the overall
catalytic activities as a comparison to the conventional surface
catalysts.

In view of the metal valency as a catalytic descriptor, our
results suggest that Co** and Mn®* are the active sites in (Li)—
Ni—Co—(Mn)—OH nanostructures for the alkaline OER
(Figure 4C). This is also consistent with the reports of the
active sites in other complex materials, such as Mn*" in
delithiated Li, ,MnP,0,® and high-spin Co*" in distorted
prisms in perovskite oxide,” which act as much active sites for
the electrocatalysis of alkaline OER. Incorporation of Li* in the
complex hydroxide nanostructures can promote the Mn and Co
ions to their higher valence states (Supporting Information,
Figure S$6) and lead to lower activities of the materials for OER
(Figure 4C). This agrees with the previous reports in other Li-
containing complex metal oxide OER catalysts where lower
activities were obtained in the lithiated materials.'"** The Li
ions can be mobile, which may induce structure change of the
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catalysts during the OER reaction. The possible structural
changes of the hydroxide catalysts need further investigations.

In conclusion, we have demonstrated a laser—chemical
protocol for accessing various complex transition metal
hydroxides with well-controlled structures and metal valences
as electrocatalysts for alkaline OER. Different combinations of
transition metal (Ni, Mn, or Co) hydroxide nanostructures with
or without alkali metal ions (Li*) are achieved from the laser-
mediated hydrolysis reactions. The type of solvents, either
water or TEG (EG), affects the structure and metal valency of
the hydroxides, where the products obtained in aqueous
solutions are crystalline, but those in glycols tend to be
amorphous. The valence states of the metal ions in the
nanocomposites produced in aqueous solutions tend to be
higher than that in glycol solutions, for example, the Mn ions
stay as 4+ and 3+, and Co ions are 3+ and 2+ in the Li—Ni—
Mn—Co—OH compounds synthesized in water and TEG,
respectively. In addition, Li* can also tune the structure and
metal valency. Compositional segregation of Ni and Mn occurs
with the increase of Li* dose in the (Li)—Ni—Mn—OH
compound, which results in core—shell nanorods with Ni in the
core and Mn in the shell; meanwhile, the Mn ion valence is
increased from 3+ to 4+. The as-synthesized complex metal
hydroxide nanocomposites have highly defective and distorted
layered structures, which form a new class of three-dimensional
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electrocatalysts for alkaline OER. This flexible, controllable, and
scalable laser—chemical process opens up a new avenue for the
design of novel complex materials with advanced function-
alities.
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Experimental details and characterizations of EDS mapping,
TEM images, XRD, and XAS of the as-prepared materials. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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