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In this paper, we report a successful one-step synthesis of Co304 Nanoparticles/Laser induced graphene (NPs/
LIG) composite by using 1064 nm laser with irradiating cobalt salts impregnated basswood slices in air. The
prepared CosO4 NPs/LIG composites show uniformly distributed nanoparticles on the high-quality 3D graphene.
It can be directly used as working electrode for electrochemical reactions without the need for extra post-
treatment and exhibits remarkable performance for electrocatalytic OER reaction with an overvoltage of 325
mV at current density of 10 mA-cm 2 and Tafel slope of 66.63 mV-dec ™. Due to its great capability of fabrication

precision, simplicity and high speed, this technique indicates immense potential in large scale electrochemical

micro-sensor manufacture.

1. Introduction

Graphene has been extensively studied with a broad spectrum of
applications in energy storage [1-4], electronics [5,6], sensing [7,8] and
other fields [9,10] because of its large specific surface area, outstanding
electric, thermal conductivity and mechanical properties [11-15].
Considering these excellent properties of graphene, their composite
material made with metal or metal oxide may own some dreamed cat-
alytic properties in industry [16-18], especially for electrocatalytic OER
reaction [19,20]. Although, IrO; and RuOs system indicate outstanding
OER catalytic effect, their high costs largely limit their potential in real
applications [21,22]. Hence, intensive works have been conducted to
seek the alternative cheap transition metal oxides [23] and their com-
posites, such as nickel oxide/graphene, iron oxide/graphene [24,25]
and cobalt oxide/graphene [26]. Especially, the Co304/graphene cata-
lysts have been intensively investigated [27-29] since Co304 has the
highest stability among all cobalt oxides and its graphene-based com-
posites have an outstanding OER activeness. Song et al. [30] reported an
excellent OER catalytic performance under alkaline conditions of an
ultra-thin Co304/rGO (reduced Graphene Oxide) nanocomposite syn-
thesized using hydrothermal method. It overpotential was 290 mV
which is far less than that of bare Co3z0O4 catalyst. Later, a Co3O4

decorated reduced rGO nano electrode showed an ultra-low starting
potential of 1.38 V with current density of 10 mA/mg [28]. However, in
all above studies, the preparation of Co304/graphene composites re-
quires to multiple steps of graphene oxide synthesis, metal oxides
nanoparticles deposition, and reduction of graphene [31], which are
normally complicated and time consuming with using quite amount of
non-recyclable chemicals [32-34].

While, laser induced graphene (LIG) [35,36] technology has been
proved to be an effective and low-cost method for producing
high-quality graphene, which can easily achieve macroscopic LIG with
controllable morphology and high porosity [37,38]. With the develop-
ment of LIG technology, the preparation of MO/LIG composite materials
through laser induced one-step synthesis method is considered prom-
ising. Dan Xu et al. [39] reported successful synthesis of ultra-small sized
CuxO nanoparticles on a porous laser induced graphene, which is formed
by irritating laser on PI (Polyimide) layer on a piece of foam nickel with
spin coated CuCly. Ruquan Ye et al. [40] created metal oxide nano-
particles embedded in porous Graphene in situ by directly laser scribing
on polyimide (MC-PI) films containing metal complexes. But polyimide
or other polymers are expensive and will pollute the environment.
Biomass materials have the advantages of abundant sources, low cost,
rich carbon content, and three-dimensional pore structure, making them
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a substitute for polymers [41-43]. Xiao Han et al. succeeded in con-
verting metal nitride solution soaked cedar wood into graphene
embedded with Ni, Fe, Cu, Co and NiFe nanocrystals through CO, laser
scribing [44]. Libei Huang et al. [45] demonstrated that naturally
occurring wood can be engineered into a miniaturized LIG materials
water treatment system by laser engraving. However, there are currently
few studies on the one-step synthesis of MO/biomass based LIG through
laser induction.

Here, we present a newly developed simple methodology for one-
step synthesizing Co304 nanoparticles/laser induced graphene (Co304
NPs/LIG) composites out of cobalt salt solution socked basswood chips
by irritation of 1064 nm laser under an ambient condition without any
inner gas protection. Basswood-based LIG maintains the original three-
dimensional pore structure of biomass materials, which is conducive to
the loading of nanoparticles, and Co304 nanoparticles in Co304 NPs/LIG
are uniformly dispersed on the surface of LIG. The choice of basswood is
attributed to its original high porosity with high concentration of
lignocellulose [46,47]. It has unique straight channel and layered
porous structure which can facilitate the absorption of metal salts. Be-
sides, it is rich in hydroxyl groups that can coordinate with metal ions
[48,49]. Further investigation was conducted on the OER catalytic
performance of different Co304 NPs/LIG composite catalysts synthe-
sized. This method has good guiding significance for the preparation of
MO/LIG catalysts and the design of catalytic based sensors.

2. Results and discussion
2.1. Preparation of Co304 NPs/LIG composites

As shown in Fig. 1, MO NPs/LIG (where MO stands for metal oxide) is
fabricated by laser-induced one-step synthesis under ambient condition
in air. In order to introduce the targeting metallic atom, basswood slices
were initially soaked in metal nitrate solvent. The lignocellulose con-
tains abundant hydroxyl functional groups that can evenly anchor metal
cations through electrostatic interaction and coordination bonds,
consequently, offering a favorable condition for uniform metal oxides
loading. 1064 nm laser pulses were focused to the surface of metal salt-
soaked basswood. The laser-spot burst heat would directly convert
lignocellulose into graphene, and oxidize metal cations into metal ox-
ides. Compared with basswood without metal salt, laser irritation could
result instant burning in the air due to the violent reactions between the
graphitic substance of wood and oxygen (Fig. S1). In our design, metal
salt impregnation make basswood darker which further enhances the
laser absorption. Therefore, in air, only a fractional energy of laser
pulses is used to convert MO NPs/LIG. The obtained MO NPs/LIG can be
directly used for electrochemical working electrode through precise
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packaging without post-treatment.

2.2. Characterization of CosO4 NPs/LIG composites

It is clearly seen that basswood has a 3D porous structure composed
of multiple large channels (50-70 pm) and multiple small channels
(10-20 pum) as shown in Fig. 2a. After laser irritation in air, the solid
skeleton of basswood changes into a fluffy structure, forming a loosely
stacked layered structure which is demonstrated as Fig. 2b. The close-up
view of skeleton shows a gauze-like covering with uniformly distributed
nanoparticles of an average particle size about 500 nm, as shown in
Fig. 2c. The energy dispersive X-ray spectrum (EDX), as shown in
Fig. 2d, indicates that the main elements of composites prepared by laser
irritation are C, O and Co with uniform distribution. Furthermore, the
composite was analyzed using X-ray diffraction (XRD). Six diffraction
peaks at 19 °, 31.4 °, 36.8 °, 44.9 °, 59.5 ° and 65.3 ° are present which
could be attributed to the four main crystal planes of cubic Co3z04
(PDF#76-1802), demonstrating the successful synthesis of crystalline
Co304 [50]. There is a small diffraction peak at 26.1 °, which corre-
sponds to the (002) plane of carbon material [51]. It shows that the
surface of basswood is carbonized and Co3O4 nanoparticles are formed
at the same time (Fig. 2e). Raman spectroscopy (Raman) was further
used to analyze the chemical structure of basswood impregnated with
cobalt nitrate before and after laser irritation showing in Fig. 2f. Without
laser irritation, the Raman spectrum of basswood is featureless, how-
ever, after laser irritation, it shows typical graphene D, G and 2D bands
at 1350, 1580 and 2700 cm ™, corresponding to the disordered defect
structure of graphene, the stretching of C—C bond in graphene and the
second-order two-phonon process of graphene sp?, respectively [52,53].
This proves the formation of graphene through laser irradiation.
Furthermore, in the same spectrum, peaks around 190, 472, 512, 604,
and 676 cm ™! corresponds the 3F2g, Eg, 2Fzg, 1F2g, and A;; Raman-active
modes of Co304, respectively [54,55], indicating the formation of spinel
cobalt tetroxide particles decorated graphene, which highly coincide
with the XRD measurements.

In order to analyze the surface chemical state of Co3O4 NPs/LIG
composite in detail, X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted. The fine spectra of C and Co elements are shown
in Fig. 2g and 2h. C 1s is composed of four peaks, with binding energy
(BE) of 283.75, 284.6, 285.65 and 287.37 eV, respectively, corre-
sponding to C—C sp2 bond, C—C sp3 bond, C—OH bond and C = O bond
[56,57] (Fig. 2g). The smaller peak area ratio of carboxyl group (C = O)
(13.5) and the larger peak area ratio of C—C (58.5) indicate that the
carbonization degree of two-dimensional and three-dimensional carbon
on the surface of basswood is significantly improved after laser irritation
[52,57]. As shown in Fig. 2h, the main peaks with binding energy of

Laser induced

MO NPs/LIG

Fig. 1. Schematic diagram of preparation and packaging of the electrode made of Co304 NPs/LIG composite.
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Fig. 2. (a)-(b) SEM images of basswood impregnated with cobalt nitrate before and after laser irritation; (c) A close-up view of fluffy structure; (d) Element mapping
of the laser induced composite materials; (e)-(f) XRD and Raman characterization of basswood impregnated with cobalt nitrate before and after laser irritation; (g)-
(h) C, O element analysis of XPS spectrum of the laser-induced one-step synthesized composites.

797.2 eV and 781.8 eV are displayed in the Co 2p region, which can be and trivalent Co species in the Co304 spinel. Detailed analysis shows that
attributed to 2pj /5 and 2ps3,o, respectively [58]. The energy change of 781.6 eV and 784.5 eV are from Co>" and Co?* of Co 2ps,, respectively,
about 15 eV between 2p; /2 and 2ps3,, indicates the presence of divalent and the ratio of Co?>*and Co>*is close to 1:2 [54]. Again, all the above
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Fig. 3. (a)-(d) SEM of Co304 NPs/LIG prepared under different laser power of 0.15 W, 0.225 W, 0.5 W and 0.75 W, the scale of inset close-up is 300 nm; (e)Raman
spectra of Co304 NPs/LIGs prepared under different laser power conditions. The left plot shows the Raman spectra of Co304 in wavenumber between150 and 900
em™! that is the close-up of the yellow dashed frame circled in the right plot.
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measurements proved that Co304 NPs/LIG was successfully prepared by
laser-induced one-step synthesis in air.

2.3. Effect of laser parameters on the synthesized Co3O4 NPs/LIG
composites

In order to explore the influence of laser power, Co304 NPs/LIG
composite materials were prepared using different laser power (0.15,
0.225, 0.5 and 0.75 W). The morphology of composites was shown in
Fig. 3a-d. When the laser power is 0.15 W, the nanoparticles on the
surface of the carbon support material are relatively flat and the blocky
of carbon support material in the composite, shown as the enlarged
view. As shown in Fig. 3b, when the laser power is further increased to
0.225 W, the surface of product is presented as an ultra-thin mesh with
uniformly covered small sized nanoparticles. When the laser power is
further increased to 0.5 W, the composite exhibits a thick flower shape
covered with slightly larger nanoparticles on the surface. As the laser
power reaching 0.75 W, the composite surface mainly shows agglom-
eration nanoparticles and collapsed carbon support carrier. The Raman
characterization of composite materials prepared under different laser
power conditions is shown in Fig. 3e. On the left side of Fig. 3e is a close-
up of the spectra from150 to 900 cm ™! (yellow dotted box), they clearly
show the featured Raman peaks of Co304 [54,55]. The intensity of the
featured Raman peaks of Co304 increase with the increase of laser
power, and the 3F2g of Co304 in the composite material become prom-
inent when the laser power higher than 0.225 W, as well as the gradually
improved graphene quality reflected by the decreased Ip/Ig and
increased Iop/Ig showing in Fig. 3e and Fig. S2, respectively [52,53].
Continuously rising the power to 0.75 W, the featured Raman peak start
to become weaker, while the deterioration of grown LIG starts at the
laser power of 0.5 W [59,60]. Due to the laser pulse irritation, a rapid
energy accumulation and much slower heat dissipation on the interac-
tion area leads the extremely high temperatures on the surface of
basswood, consequently, an instant carbonization and graphitization
accompanying with fast flaking processes caused by the quick expansion
of laser spot interacted area will facilitate the formation of LIG [61].
When the laser power is further increased, great biomass fibers damage
is unavoidable, consequently, the diminishing their structural integrity
and the material carving on the surface. The laser power dependent
results indicate that 0.225 W laser power is the optimal condition for
forming a composite covered by high quality with uniformly dispersed
small size nanoparticles. Excessive laser power can lead to the collapse
of carbon support materials and the sintering of nanoparticles [61,62].

Moreover, the effect of laser scanning speed (LSS) on the graphiti-
zation of LIG and the size distribution of Co304 nanoparticles was
further investigated (Fig. S3). When the LSS is 500 mm/s, only a little
amount of tulle material appeared (Fig. S3a). Lowering the scanning
speed could increase the laser beam dwelling time at each point there-
fore irritate more energy at each spot, resulting in more damage to the
fiber and higher porosity in the fiber [63]. With the speeding up laser
scanning, more thin gauze like materials were produced (Fig. S3b-f).
From the Raman graph in Fig. S3g, it can also be seen that the material
prepared at 500 mm/s is amorphous carbon, with only a weak G peak.
However, with the increase of LSS, the featured Raman peaks of gra-
phene show up and maximized at LSS of 1000 mm/s. Further the Raman
characteristic peaks of graphene gradually weaken. Because the scan-
ning speed is too fast to having enough time for carbonization [54]. For
nanoparticles, the size and number of nanoparticles decreases with the
increase of scanning speed [64,65], and higher LSS is not conducive to
the preparation of nanoparticles (Fig. S4). When the scanning speed is
too high, the interaction time between the laser beam and the material
will be too short, which may not be sufficient for the growth of metal
oxide nanoparticles [66].

Additionally, the number of laser processing cycles (NLPC) have
significant effects on the morphology of the formed Co304 NPs/LIG as
shown in Fig. S5. Specifically, when the NLPC is 4, although much
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graphene had been synthesized which is identified by the Raman results,
but almost no signal of Co304 nanoparticles was observed. Continuously
rising the NLPC, the amount of graphene reticulates increases, and the
observable signal of Co304 nanoparticles start to appear at the NLPC of
6. When the NLPC is up to 10, the amount of gauze-like thin materials
increases significantly and reaches the maximum with a large number of
uniformly distributed nanoparticles on them (Fig. 5f). However, further
rising the NLPC, the gauze-like thin materials start to decrease and
completely disappear at the NLPC of 12 which can be interpreted as
oxidation reaction between the graphitic material in air triggered by the
energy irritated by the laser [67]. The exactly same trend was repro-
duced as the intensity change of Raman 2D peak. Hence, laser power,
LSS, and the NLPC are the three key parameters to determine the quality
LIG and both the size and spatial distribution of surface decorated metal
oxide nanoparticles [39,61]. The optimal conditions are 0.225 W of laser
power, 1000 mm/s of LSS and 10 of NLPC.

The effect of metal salt concentration on the morphology and size of
the composite were further investigated. The Co304 NPs/LIG composite
was prepared by laser irritation out of cobalt nitrate solvents soak
basswood at the concentration of 0.1 M, 0.5 M and 1 M. When the
concentration of cobalt nitrate is 0.1 M, the most of the yielded com-
posite materials are bare biomass skeleton of basswood with only frac-
tional coverage by gauze like material and few nanoparticles (Fig. 4a
and 4d). For the concentration of cobalt nitrate of 0.5 M, the surface of
the composite material was fully covered with the gauze like materials
(Fig. 4b) with a large number of uniformly distributed small sized
nanoparticles (Fig. 4e). When increasing the concentration of cobalt
nitrate to 1 M, some flocculent materials and coalesced nanoparticles
appear on the surface of the composite material as shown in Fig. 4c [68,
69].

2.4. Study on electrochemical properties of Co304 NPs/LIG composites

The OER performance tests were carried out using Co3O4 NPs/LIG
composite as a working electrode. The electrocatalytic activity of four
different samples, 0.1 M Co304 NPs/LIG, 0.5 M Co304 NPs/LIG, 1 M
Co304 NPs/LIG and LIG electrodes (0.1 M, 0.5 M, and 1 M represent the
cobalt nitrate concentration of impregnated basswood wood), were
studied in alkaline electrolyte solution (1 M KOH) at room temperature.
The electrochemical performance of the OER of the four samples was
evaluated by recording the relation between overpotential and RHE at a
fixed current. As shown in Fig. 5a, the overpotential for 0.1 M Co304
NPs/LIG, 0.5 M Co304 NPs/LIG, 1 M Co304 NPs/LIG and LIG at a current
density of 10 mA-cm 2 are 423 mV, 325 mV, 388 mV and 637 mV,
respectively. The electrodes were prepared using only LIG requires a
high overpotential of 637 mV, indicating that LIG has very low OER
catalytic activity. Compared to the bare LIG, there are some nano-
particles on the surface of 0.1 M Co304/LIG, which makes its catalytic
activity superior to that of LIG. 0.5 M Co304 NPs/LIG exhibits a lower
overpotential than 0.1 M Co304 NP/LIG, but further increasing the co-
balt nitrate concentration to 1 M, the higher overpotential required for 1
M Co304 NP/LIG to reach the same current density. Composite made of
1 M Co304 NPs/LIG shows largely reduced electrochemical activity due
to the seriously active sites blocking caused by the aggregated surface
nanoparticles. Whereas, for 0.5 M Co304 NPs/LIG, there are small
amount of uniformly dispersed nanoparticles on the surface of the LIG,
which can expose more metal oxide active sites and lead to better cat-
alytic activity [70]. Moreover, the large surface area and high conduc-
tivity provided by LIG can improve mass transfer and expand the
electrode/electrolyte contact area, thereby improving OER activity [71,
72]. To further evaluate its OER performance, the Tafel slope was fitted
giving an approximate 66.63 mV-dec ! which was smaller than that of
0.1 M Co304 NPs/LIG (98.11 mV-dec™!), 1 M Co304 NPs/LIG (72.13
mV~dec_1), and LIG (104.86 mV-dec™ ) (Fig. 5b). This signals the fast
current increases than potential which makes its superior surface reac-
tion kinetics that all others [73,74].
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Fig. 4. (a)-(c) SEM images of laser induced one-step synthesis of Co304 NPs/LIG composites after drying basswood soaked in cobalt nitrate solvents with con-
centrations of 0.1 M, 0.5 M, and 1 M; (d)-(f) The corresponding close-up of SEM images.
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Fig. 5. Comparison of OER electrochemical activities of 0.1 M Co304 NPs/LIG, 0.5 M Co304 NPs/LIG, 1 M Co304 NPs/LIG and LIG electrodes in 1 M KOH: (a) linear
sweep voltammetry curve, (b) Tafel diagram, (c) Nyquist diagram by fitting Randle circuit, and (d) specific activity diagram by ECSA normalization curve.

The role of electrode dynamics of these electrodes in the OER process
was investigated by electrochemical impedance spectroscopy (EIS)
measurement in the frequency range of 10 mHz to 100 kHz with the
open circuit voltage, which gives the interface reaction charge transfer
resistance (R.y) of these electrodes in 1 M KOH electrolyte solution. The

Nyquist curve is shown in Fig. 5c, compared to 0.1 M Co304 NPs/LIG
(110 ©), 1 M Co304 NPs/LIG (90 Q), and LIG (120 Q), the minimum
charge transfer resistance (28 Q) was observed in 0.5 M Co304 NPs/LIG
composites which indicates its faster charge transfer rate and lower
energy barrier during OER than the sample made in other conditions.
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The low R reveals that the introduction of Co304 NPs without
agglomeration on the high-quality LIG can greatly improve electron
transfer rate in the OER process [75,76]. Since the number of active sites
is related to the electrochemical active surface area (ECSA), an elec-
trochemical double layer capacitance (Cq;) was adopted to analyze ECSA
(Fig. 5e and Fig. S6). Compared to the Cqj of 0.1 M Co304 NPs/LIG (23
mF~cm’2), 1 M Co304 NPs/LIG (30 mF-cm~2) and LIG (19 mF-cm’z), the
0.5 M Co304 NP/LIG has the highest Cq) of 40.33 mF-cm ™2, indicating it
has the most available active sites on the surface structure of 0.5 M
Co304 NP/LIG [77] and which coincides its excellent OER catalytic
performance (see Table S1 to compare the OER performance of different
cobalt-based catalysts prepared by different methods).

3. Conclusion

In summary, Co3O4 NPs/LIG composites were successfully prepared
by laser induced one-step synthesis. As an OER electrode, it has excellent
electrocatalytic performance, under the current density of 10 mA-cm ™2,
the required overpotential is 325 mV, and the Tafel slope is 66.63
mvV-dec L. Due to its great capability of fabrication precision, simplicity,
low cost and high speed, this technique embryos immense potential in
large scale electrochemical micro-sensor manufacture.

4. Methods
4.1. Materials synthesis

Cutinto 5 x 5 x 2 mm? thin slices along the direction perpendicular
to the growth of basswood, and dried at 60 °C after ultrasonic washing.
Dissolve cobalt nitrate hexahydrate in deionized water to prepare 0.1 M,
0.5M and 1 M cobalt nitrate solutions. Immersing the basswood slices in
cobalt nitrate solution for 24 h, washing off excessive nitrate on the
surface, and drying them in an oven at 80 °C for 12 h before taking them
out. Laser irritation was then conducted on the metal-complex-
containing basswood slices with a 1064 nm laser engraving system
(Sundor KF-30 L with a pulse duration of 10 ps) under ambient condi-
tion. The power of the laser is 30 W (0.1%—100% adjustable).

When investigating the laser power parameters on the fabricate
materials, the laser power was set to 0.15 W, 0.225 W, 0.5 W, and 0.75
W. The LSS was 1000 mm/s, the NLPC was 10, and the metal salt con-
centration was 0.5 M.

When investigating the LSS, Co304 NPs/LIGs were prepared at
speeds of 500 mm/s, 1000 mm/s, 1500 mm/s, 2000 mm/s, 2500 mm/s,
and 3000 mm/s. The laser power was 0.25 W, the NLPC was 10, and the
metal salt concentration was 0.5 M.

When dependence of the NLPC on the fabricated materials, Co304
NPs/LIGs were prepared at 4, 6, 8, 10, and 12 cycles with a laser power
of 0.25 W, a LSS of 1000 mm/s, and a metal salt concentration of 0.5 M.

4.2. Characterization

The surface morphology of the samples was characterized by scan-
ning electron microscopy (SEM, Hitachi, SU-3500). Energy dispersive X-
ray spectroscopy (EDS, IXRF system, SU-3500) was used to characterize
the elements and their distributions. The Raman spectra used Raman
spectrometer (ANDOR-MARZHAUSER) with a 532 nm laser and the
power was about 2 mW on the objects. The X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific, ESCALAB 250Xi) was used to analyze
surficial constituents. The binding energies were extracted according to
the calibrated C 1 s line at 284.6 eV.

X-ray diffraction (XRD, Dandong Tongda Technology, TD-3500)
characterizations were carried out to analyze the crystallinity and lat-
tice constants of samples.

Carbon Trends 12 (2023) 100285
4.3. Electrochemical characterization

For OER measurements, the back of Co304 NPs/LIG electrodes ware
coated with silver paint and sealed by a Kapton tape so that the silver
glue and attached copper wire can be isolated from the electrolyte
during electrochemical test, showing in Fig. S1. The LSV and EIS studies
of OER were conducted in a self-made electrochemical cell, where the
Hg/HgO electrode and Pt electrode were chosen as the reference and
counter electrode, respectively. Electrochemical impedance spectros-
copy (EIS) measurements were carried out in the frequency range of 10
mHz to 100 kHz with open circuit voltage by a CHI 760E electro-
chemical workstation. The CV curves were measured at different scan-
ning speeds (20-100 mV-s’l), and then the scanning speed (mV-s1) is
plotted by taking the difference of its corresponding current density
(mA-cm™2) under a fixed voltage where the slope of the fitting line is Cq;.
For the Hg/HgO electrode, E (RHE)=E (Hg/Hg0)+0.098+0.0592x pH.
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