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Abstract: Controlled synthesis of transition-metal hydroxides
and oxides with earth-abundant elements have attracted
significant interest because of their wide applications, for
example as battery electrode materials or electrocatalysts for
fuel generation. Here, we report the tuning of the structure of
transition-metal hydroxides and oxides by controlling chemical
reactions using an unfocused laser to irradiate the precursor
solution. A Nd:YAG laser with wavelengths of 532 nm or
1064 nm was used. The Ni2+, Mn2+, and Co2+ ion-containing
aqueous solution undergoes photo-induced reactions and
produces hollow metal-oxide nanospheres
(Ni0.18Mn0.45Co0.37Ox) or core–shell metal hydroxide nano-
flowers ([Ni0.15Mn0.15Co0.7(OH)2](NO3)0.2·H2O), depending on
the laser wavelengths. We propose two reaction pathways,
either by photo-induced redox reaction or hydrolysis reaction,
which are responsible for the formation of distinct nano-
structures. The study of photon-induced materials growth
shines light on the rational design of complex nanostructures
with advanced functionalities.

Laser has been used for the study of photon-matter
interactions for decades since its invention in 1960s,[1] and
a variety of synthetic methodologies, such as laser pyrolysis,[2]

pulsed laser deposition,[3] have been developed for the
production of functional composite materials. In recent
years, intensive studies have focused on nanomaterials
syntheses using laser ablation/irradiation in solution
phases,[4] and two liquid-based laser techniques, that is,
pulsed laser ablation of a solid target in liquids (PLAL)[5]

and pulsed laser irradiation of colloidal nanoparticles in
liquids (PLICN),[6] have been widely adopted. From these
techniques, diverse complex nanoparticles and nanostructures
have been fabricated, and deeper understanding of the

materials formation from the laser–matter interactions has
also been addressed.[6c] In contrast to the “top–down” syn-
thesis of the laser ablation of bulk solids in liquids, a “bottom–
up” method, that is, pulsed laser irradiation of a precursor
solution, where nucleation and growth of materials are
expected from the laser-mediated chemical reactions, is also
a promising liquid-based laser protocol for complex materials
design.[7]

Using laser photons to initiate and control the chemical
reactions to yield certain products has always been a central
mission in laser chemistry, and exceptional achievements
have been accomplished in laser-controlled reactions in
molecular science. It is also expected that laser photons can
be used to control chemical reactions in solutions for the
design of diverse complex materials,[7a–c] although under-
standing is limited. So far, laser irradiation has been success-
fully applied to several precursor solutions, mostly those
containing noble metal ions,[7b] from which noble metal
nanoparticles or alloys, such as Au-Ag,[8] Rh-Pd-Pt,[9] have
been obtained. Despite all these achievements, the reaction
mechanisms in the laser solution chemistry for materials
growth are still far from fully understood. Herein, we aim to
unravel the different pathways of laser-mediated chemical
reactions in aqueous precursor solutions, and to demonstrate
the flexibility and diversity of laser solution chemistry for
tailoring various complex nanostructures. An aqueous pre-
cursor solution containing Ni(NO3)2, Mn(NO3)2 and Co-
(NO3)2 was selected as a model system, and an unfocused
nanosecond pulsed laser (9 mm in diameter) with pulse
energy of 750 mJ at 1064 nm and 350 mJ at 532 nm was used
for the laser irradiation experiments. Both the powder
products and precursor solutions after laser irradiation were
collected for examination.
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Figure 1 shows the morphology, composition and metal
valences of the product when the 532 nm laser was applied to
the precursor solution. The product contains mostly hollow
nanospheres with homogeneous elemental distribution of Ni,
Mn, Co and O (Figure 1a). High-resolution TEM images (see
Figure S1 in the Supporting Information) show that the
structure of the as-produced particles is similar to cobalt
manganese oxide (JCPDS number 18-0409), which is a tetrag-
onal spinel structure intermediate between MnCo2O4 (cubic)
and Mn3O4 (tetragonal). Soft X-ray absorption spectroscopy
(XAS) was used to determine the valence states of metal ions
in the as-prepared powder. The fine structures in the XAS
spectra (Figure 1 b) indicate that the nickel has a oxidation
state of 2 + , cobalt also stays mainly as 2 + , and manganese
has a mixed valence states of 2 + /3 + /4 + .[10] Based on
the EDS analysis, we formulate this compound as
Ni0.18Mn0.45Co0.37Ox.

Laser irradiation of solutions can induce electronic and/or
vibrational excitation of reagent molecules/ions,[1e, 11] which
can trigger certain chemical reactions and lead to the
nucleation and growth of certain materials.[7a–c] Under
532 nm laser irradiation, water molecules can be ionized
due to multi-photon excitation.[8] Thus, various reactive
species,[12] including solvated electrons (eaq

@), hydrogen
radicals (HC), hydroxy radicals (OHC), and H3O

+, could be
generated within 10@12 s, then they react with each other and/
or the surrounding molecules in a timescale of 10@12–10@6 s.[13]

The free metal ions (Mx+) in the aqueous solution could be
reduced into pure metal (M0) instantaneously by the eaq

@ and
HC in a nanosecond laser pulse. This explains the particle
growth when use a short-wavelength laser to irradiate the
aqueous solution of noble-metal salts, where pure metal

nanoparticles were produced.[8, 14] In this study, the as-grown
transition-metal nanoparticles are prone to fast oxidation in
the aqueous solution because of the oxidative nature of the
laser-induced OHC radicals. Once a thin oxide is formed, the
Kirkendall effect,[15] or selective laser irradiation[16] of the
oxidized metal nanoparticles leads to the formation of hollow
metal-oxide nanoparticles (Figure 1a and Figure S1).

Besides the electronic ionization of water molecules by
the 532 nm laser, we discovered another major reaction
pathway for accessing distinct complex nanostructures when
1064 nm laser irradiation in the aqueous solution was
performed.

Figure 2 provides the structure information of the as-
synthesized composite produced by the 1064 nm laser irradi-

ation of the aqueous precursor solution containing Ni2+, Mn2+

and Co2+. The XRD pattern reveals that the material is
isostructural with the rhombohedral a-nickel hydroxide
(JCPDS 380715, line markers in Figure 2 a), where the
d spacing of the (003) peak is about 7.0 c. The thermogravi-
metric analysis (TGA, Figure 2b) shows a 26% weight loss of
the material below about 280 88C, corresponding to an 8 % loss
of absorbed and structurally bonded water and an 18% loss
due to the evolution of H2O and NO2 upon heating of
a hydroxide material. In the Fourier transform infrared
spectra (Figure 2c), we can identify the absorption of OH
stretching (3410 cm@1), H2O (1640 cm@1), and NO3

@·H2O
(1318 cm@1 and 1413 cm@1) in the material.[17] The enlarged
fingerprint region (below 1100 cm@1, Figure 2d) shows the
Mx+-O stretching and Mx+-O-H bending modes,[18] which can
be specifically assigned to OO@ stretching (1046 cm@1 and
985 cm@1), sym-MnO2 (822 cm@1), Ni/Co-O-H stretching
(794 cm@1), Ni/Co-O-H bending (513 cm@1), weak Mn-O
vibrations in MnO2 (700 cm@1, 541 cm@1 and 474 cm@1), Mn-
O vibrations in MnOOH (640 cm@1, 583 cm@1 and 448 cm@1)
Mn-O-H stretching (700 cm@1), and Mn-O-H bending
(425 cm@1). Based on the structural and elemental analyses,

Figure 1. Ni-Mn-Co oxide formed using 532 nm laser light. a) Scanning
TEM (STEM) image and EDS mapping of the Ni0.18Mn0.45Co0.37Ox

nanospheres (two particles on the left side are hollow) produced by
irradiation with 532 nm laser light of an aqueous solution with mixed
nickel nitrate, manganese nitrate, and cobalt nitrate, where the molar
ratio of Ni:Mn:Co is 0.25:0.25:0.5. The line-scan profile over a hollow
sphere shown in the STEM image indicates the anisotropic distribution
of Ni, Co, Mn, and O in the sphere. b) Ni L-edge, Mn L-edge, and Co
L-edge XAS/TEY spectra of the Ni0.18Mn0.45Co0.37Ox compounds.

Figure 2. Identification of Ni-Mn-Co-OH formed using 1064 nm laser.
a) XRD pattern, b) TGA curve, c) and d) FT-IR spectra of the as-
prepared powder of Ni-Mn-Co-OH composite synthesized by irradiat-
ing the aqueous precursor solution containing Ni2+, Mn2+ and Co2+

with Ni:Mn:Co molar ratio of 0.25:0.25:0.5 with 1064 nm laser light.
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we determined that the as-synthesized materials by a 1064 nm
laser are 3d metal complex hydroxides, formulated as
[Ni0.15Mn0.15Co0.7(OH)2](NO3)0.2·H2O (simplified as Ni-Mn-
Co-OH), where the positively charged layered metal ion slabs
are balanced by the hydroxyl groups (OH), nitrate ions
(NO3

@) and water molecules (H2O) located likely between
the layers.

Figure 3 displays the chemical and structural information
of the Ni-Mn-Co-OH. The TEM image (Figure 3a) shows
that the particles of the as-prepared nanocomposite have
a snowflake-like structure with diameters of 60 nm and
thicknesses of 20 nm. Slight compositional segregation,
where Ni and Co ions are rich in the center and Mn ions
are rich at the edge of the particle, was identified from the
EDS mapping (see Figure S2). The XAS spectra (red lines in
Figure 3c) indicate that the valence states of the Ni, Mn, and
Co ions mainly stay as 2 + , 2 + /3 + , and 2 + , respectively.

We then add lithium nitrate into the laser-chemical
synthesis, considering that Li ions may be inserted in the
crystal lattice of the nanoflakes, which gives us chances to
further tune structure of the material via one-step laser
irradiation. As a result, similar snowflake structure was

formed by adding Li+ (Figure 3 b), and the high-resolution
TEM image shows that the nanoflake has a layered structure
with a layer lattice spacing of 0.71 nm (corresponding to the
(003) peak on the XRD pattern in Figure 2a). We also found
more severe compositional segregation in the particle (Fig-
ure 3c) compared to the one without Li+, which results in
a core–shell structure with a Ni/Co-rich core and a Mn-
containing shell. Concomitantly, the metal ions were pro-
moted to their higher valence states (Figure 3d), especially
for Mn ions whose valency has increased from 2 + /3 + to 4 + .
Consequently, an increased intensity of the pre-edge of O K-
edge (ca. 529 eV, marked with an asterisk) was detected,
which is uniquely associated with the 3d metal-derived states
(Mn3d-O2p) of higher valency Mn ions,[19] similar to that of
MnO2.

[19b]

To further understand the laser-induced reaction mecha-
nisms, we investigated the chemical evolution occurring in the
solutions as they were exposed to laser irradiation at different
times. Upon laser irradiation, the original bright-red solution
darkened, and precipitates formed in the solution after 40 min
laser irradiation (Figure S3a). The FT-IR spectra of the
solutions in Figure 4a display the major vibrational absorp-
tions of OH, H2O, and NO3

@ from the aqueous nitrate

solution, as well as weak absorption bands related to the
precipitates. In Figure 4b, it can be clearly seen that two
obvious absorption bands appear around 1086 cm@1 and
1045 cm@1. These two bands are too high for the OO@

stretching modes of peroxide moieties (such as MOOH or
MOOM), which are usually in the 920–740 cm@1 region.[20]

However, they are quite similar to the OO@ stretching
frequencies where a superoxo bridge forms between two
metal centers, such as the as-reported superoxide moiety

Figure 3. Morphology and structure of Ni-Mn-Co-OH formed using
1064 nm laser. a) TEM image of Ni-Mn-Co-OH composite synthesized
by 1064 nm laser irradiation of an aqueous solution with Ni:Mn:Co
molar ratio of 0.25:0.25:0.5. b) TEM images with the corresponding
FFT pattern, and c) EDS mapping of the Li-Ni-Mn-Co-OH nanoflakes
produced by 1064 nm laser irradiation with Li:Ni:Mn:Co molar ratio of
1:0.25:0.25:0.5 in the solution. d) O K-edge, Ni L-edge, Mn L-edge,
and Co L-edge XAS/TEY spectra of the as-grown Ni-Mn-Co-OH (red
lines) and Li-Ni-Mn-Co-OH (blue lines) nanoflakes. The asterisk
indicates the 3d metal-derived states of higher valency Mn ions.

Figure 4. FT-IR and UV/Vis spectroscopy of Ni-Mn-Co-OH formed
using 1064 nm laser light. a–c) FT-IR spectra of the aqueous solution
containing Ni2+, Mn2+, and Co2+ ions upon 1064 nm laser irradiation
at different times. Spectra (b) and (c) are the enlarged FT-IR spectra
as framed in the full spectrum in (a). Note that the spectra are original
and have not been smoothed. d) UV/Vis absorption spectra of the
laser-irradiated solutions corresponding to (a).
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(1160–1015 cm@1) in CoO-MgO solid solutions and the
inorganic dibridged superoxo complexes of CoIII centers
(1068 cm@1) in m-amido-m-hyperoxo bis[tetraamminecobalt-
(III)].[21] It is likely that, under these conditions, the superoxo-
bridge configuration of complex metal hydroxides (such as
NiOOMn or CoOOMn) forms as a bonding pathway upon
laser irradiation of the aqueous nitrate solutions.

In addition, several -OH bending absorption bands in the
fingerprint region, shown as B1 (510–505 cm@1), B2 (463–
450 cm@1) and B3 (430–420 cm@1) in Figure 4c (also see
Figure S3b), are also identified, indicating the formation of
Ni/Co(OH)2, OCo(OH), and Mn(OH)2 clusters[15] in the
solutions upon laser irradiation. By examining the UV/Vis
absorption of the solutions (Figure 4d) in the same time
frame, it can be seen that the absorption bands of metal ions
in the nitrates or molecular M-O(O)H clusters are dominant
in the solutions in the first 30 min laser irradiation, then
a distinct absorption feature of the hydroxide precipitates
becomes evident after 40 min, indicative of the drastic growth
of particles from the supersaturation of accumulative M-
O(O)H clusters in the solution.

Based on the above analyses, we summarize two reaction
pathways for tailoring different materials when use laser light
of different wavelengths (that is, 532 nm or 1064 nm) to
irradiate the precursor solution (Scheme 1). For the 532 nm
laser irradiation (Path I), due to multi-photon ionization

excitation of the liquid water molecules, reductive species
such as solvated electrons (eaq

@) and hydrogen radicals (HC)
could be released in the solution,[6] and reduce the free metal
ions (Mx+) into pure metal atoms (M0). Prolonged laser
irradiation causes accumulation of metal atoms which leads to
the nucleation/growth of metal nanoparticles. Because of the
high reactivity of 3d metals, the as-formed metal nanoparti-
cles are prone to surface oxidation, and hollow transition-
metal-oxide nanoparticles could form via laser-heating-pro-
moted Kirkendall effect on the oxidized metal nanoparti-
cles.[10]

For the 1064 nm laser irradiation, since liquid water
molecules have combined vibrational absorptions in the
wavelength range of 500–1200 nm, the laser photons can
stretch H-O-H bonds through intense vibrational excitations,
where the ionization of H2O molecules seems weak. Mean-
while, we found that the existence of Ni ions can highly
promote the reaction rate. The three-spin-allowed electronic
transitions of d8 Ni2+, that is, 3A2g(F)!3T1g(P), 3A2g(F)!

3T1g(F) and 3A2g(F)!3T2g(F) with absorption bands around
365 nm, 650 nm, and 1080 nm,[22] respectively, could be
excited by the laser, which may transfer more energy to the
vibrational states of water molecules and make them much
stretched. Because of the enhanced reactivity of stretched
water,[23] the complex hydrolysis reactions between the
activated hydroxy radicals and the positively charged metal
ions can be initiated, resulting in the growth of complex
hydroxides. The major chemical reactions could be written as
shown in Equations (1)–(8).

Ni2þ þ 2 H2O nhvK!Ni OHð Þ2 þHþ ð1Þ

Co2þ þ 2 H2O nhvK!Co OHð Þ2 þHþ ð2Þ

Mn2þ þ 2 H2O nhvK!Mn OHð Þ2 þHþ ð3Þ

2Mn2þ þO2 þ 4 H2O! 4 Mn3þ þ 4 OH@ ð4Þ

Mn3þ þ 3 OH@ !Mn OHð Þ3 ð5Þ

4 Mn OHð Þ2 þO2 ! 4 MnOOHþ 2 H2O ð6Þ

4 Co OHð Þ2 þO2 ! 4 CoOOHþ 2 H2O ð7Þ

2 Mn OHð Þ2 þO2 ! 2 MnO2 þ 2 H2O ð8Þ

In summary, we have tailored the structure of transition-
metal hydroxides and oxides by controlling chemical reac-
tions using an unfocused laser beam to irradiate the precursor
solution containing multiple 3d metal ions. Two distinct
reaction pathways were unraveled when selecting different
laser wavelengths (532 nm or 1064 nm). The 532 nm laser can
induce ionization excitation of water molecules and release
reducing species such as solvated electrons (eaq

@) and hydro-
gen radicals (HC) in the solution, which then reduce the metal
ions into metal nanoparticles, and further laser heating then
leads to hollow metal-oxide nanoparticles. When a 1064 nm
laser is used, vibrational excitation of water molecules
become the dominant events, the OH groups of water
molecules are considerably stretched, which facilitates the
hydrolysis reaction of metal ions and results in the growth of
complex hydroxide nanostructures. It was also discovered that
the structure and metal valences of the complex hydroxides
can be easily tuned by either changing the ratio of metal
components or introducing additional ions (such as Li+) in the
precursor solutions. Future work using the laser solution
chemistry will aim at design of more functional nanocompo-
sites and including correlation of the described structural
properties with advanced materials performances such as the
photo/electrocatalysis.
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