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ABSTRACT Hybrid materials incorporating the advantages of graphene and
nanoparticles have been widely studied. Here we develop an improved cost-
effective approach for preparation of porous graphene embedded with various
types of nanoparticles. Direct laser scribing on metal-complex-containing poly-
imide film leads to in situ formation of nanoparticles embedded in porous
graphene. These materials are highly active in electrochemical oxygen reduction
reactions, converting 0, into OH ", with a low metal loading of less than 1 at. %. In
addition, the nanoparticles can vary from metal oxide to metal dichalcogenides

B

polyimide film

through lateral doping, making the composite active in other electrocatalytic

reactions such as hydrogen evolution.
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raphene is a unique material that

has been widely investigated and

found to have broad applications in
fields such as energy storage,'? electronics,>*
and electrocatalysis.>® Exploiting the ad-
vanced properties of graphene, such as high
electrical conductivity,”® excellent chemical
and mechanical stability,”'® and large specific
surface area,'" hybrid materials made by com-
bining graphene with nanoparticles' "’
have led to products with much improved
physical and chemical characteristics. These
hybrid materials may possess superior
performance when compared to either gra-
phene or nanoparticles by themselves. This
implies that there is a synergistic interaction
between the graphene and nanoparticles.'>'®
The production of the graphene—nanoparticle
hybrids using industrial processes such as
roll-to-roll manufacturing continues to be a
technical challenge. One of the challenges is
the lengthy process, including graphene oxide
synthesis, nanoparticle deposition, and
graphene oxide reduction.'® 2! Such an
approach may require high reaction tempera-
tures, a large consumption of unrecoverable
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solvents and acids, and/or considerable
time periods, in addition to the stepwise
electrode preparation.

We demonstrate here an improved meth-
od for direct preparation of metal oxide
nanoparticle/graphene hybrid materials
by laser induction. It has been shown that
exposure of polyimide (Pl) film to laser
radiation leads to formation of porous 3D
graphene.>?*?* |n this work, by scribing
a CO, infrared laser on a metal-complex-
containing polyimide (MC-PI) film, crystal-
line nanoparticles that are embedded in
porous graphene are formed. The method
demonstrated here is complementary to
the conventional preparation process, as it
starts with polyimide films that contain
metal, avoids the traditional GO synthesis
step that constitutes the major proportion
of the cost of the product, and is applicable
to roll-to-roll manufacturing processes.
Hybrids prepared from mechanical mixing
of graphene and metal oxide can be see-
mingly straightforward, but the performance
is usually inferior compared to those pre-
pared from wet-chemistry integration.2*~2¢
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Scheme 1. Schematic illustration of formation of MO-LIG from MC-PI film. (a) Preparation of MC-PI film from metal-complex-
containing PAA solution. A MC-PAA film forms from evaporation of solvent in the metal-complex-containing PAA solution in
an aluminum dish. After dehydration of PAA by heating at 200 °C under pressure, a MC-PI forms. (b) Formation of MO-LIG by
laser induction on MC-PI film. The MC-PI film was subjected to a 10.6 um CO, laser. The area induced by the laser turns into a
porous structure (black region), and the area without laser-induction remains unchanged.

Here we show that these printable films, after anneal-
ing under argon, are effective electrocatalysts in con-
verting O, to OH™, making them possible substitutes
for platinum in oxygen reduction reaction (ORR) fuel
cell applications. Moreover, the nanoparticle composi-
tion is tunable by altering the metal complex or the
lateral doping, producing materials with potential
applications in various other electrocatalytic applica-
tions such as the hydrogen evolution reaction (HER) or
oxygen evolution reaction (OER).

RESULTS AND DISCUSSION

Preparation of MC-PI Film. As shown in Scheme 1a,
the metal complex cobalt(lll) acetylacetonate, iron(lll)
acetylacetonate, or molybdenyl(VI) acetylacetonate
in N-methyl-2-pyrrolidone (NMP) was mixed with a
12.8 wt % solution of poly(pyromellitic dianhydride-
co-4,4'-oxidianiline amic acid) (PAA) in NMP/aromatic
solvent (80:20). A brownish film was formed after
removal of the solvent under vacuum and further heat
and pressure treatment to condense the PAA to form a
Pl film (Methods).

Preparation of Metal Oxide Nanocrystals Embedded in Laser-
Induced Graphene. As depicted in Scheme 1b, after irra-
diation of the MC-PI film by a CO; infrared laser under
ambient conditions, the compact MC-PI film was
transformed into 3D porous laser-induced graphene
(LIG) with embedded metal oxide (MO) nanocrystals
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(MO-LIG). A typical MO-LIG film is shown in Figure S1a.
Depending on the precursor metal complex used, we
formed metal oxide nanocrystals of Co30,4, MoO,, and
Fes0,. The corresponding MO-LIGs are termed 5X-LIG,
with X = Co, Mo, or Fe, where “5” signifies the wt % of
the metal complex (MC) precursor in the precursor
solution (Scheme 1a, PAA 4+ solvent + 5 wt % of MQ).
After the laser scribing process, MO-LIGs were an-
nealed at 750 °C for 30 min under argon (Methods).
The corresponding MO-LIGs after annealing (MO-LIG-A)
are termed 5X-LIG-A, where “A” stands for annealed.
Structure Characterization. The morphology of MO-LIG
and MO-LIG-A was investigated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). As shown in the SEM images (Figure 1a—f), a
porous structure of 3D graphene forms after the laser
scribing process, which is similar to our previous find-
ings.>**?3 The Brunauer—Emmett—Teller (BET) surface
areas of the MO-LIG are summarized in Table S1, with
surface areas of ~180 m? g~ '. These values are similar
to our previous results from homemade polymer®?
and smaller than the ones from commercial Kapton
(~330 m?/g).>*? Figure 1d—f show the TEM images of
5Co-LIG, 5Mo-LIG, and 5Fe-LIG; the corresponding
average diameters of the nanocrystals are 9.8 + 3.3,
53 £ 1.3, and 14 £ 5.5 nm (Figure S1b—d). The cor-
responding SEM images of MO-LIG-A after annealing
are shown in Figure S2a—c. The annealing process led
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Figure 1. Morphology of MO-LIG. Lower magnification SEM images of (a) 5Co-LIG, (b) 5Mo-LIG, and (c) 5Fe-LIG. The scale bars
are 50 um. Higher magnification SEM images of (d) 5Co-LIG, (e) 5Mo-LIG, and (f) 5Fe-LIG. The scale bars are 10 um. TEM images
of (g) 5Co-LIG, (h) 5Mo-LIG, and (i) 5Fe-LIG. The scale bars are 100 nm.

to a slight decrease of BET surface areas (Table S1),
whereas no significant deviation in nanocrystal size
distribution was observed after the annealing process,
as evidenced by the TEM images of the corresponding
MO-LIG-A (Figure S2d—i). The size distribution of MoO,
nanoparticles was smaller than those of Cosz0, or
Fe30,4, possibly because of the higher dispersibility
and solubility of that metal complex in the precursor
mixed solvent and consequently lower tendency to
agglomerate. The nanocrystals in MO-LIGs display clear
lattice fringes in the high-resolution TEM (Figure 2).
As shown in Figure 2a and b, the Cos0, crystal phase
planar spacing of the (311) and (400) planes are
0.24 and 0.20 nm, respectively. Similarly, planar spa-
cings of 0.33 and 0.24 nm for the (110) and (111) planes
of MoO, (Figure 2¢,d) and 0.24 and 0.29 nm for the
(022) and (112) planes of Fes0, (Figure 2e,f) were also
observed.

The structures of MO-LIGs were further revealed
by Raman and X-ray diffraction (XRD). As shown in the
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Raman spectra (Figure 3a—c), the peaks at ~1585
and 2700 cm™" correspond to the G and 2D peaks
of graphene. The Ig/l;p ratios vary from 2 to 3 across
all the samples, indicating that the graphene is
few-layered.>*” A decrease in D peak (1353 cm™") is
observed after annealing, suggesting a lower degree
of defects in MO-LIG-A. The XRD spectra of MO-LIG
(Figure 3d—f) further confirm the graphitic structure of
LIG. The typical (002) peaks of graphene at ~26° reveal
that the dyo, spacings are ~0.34 nm. The crystalline size
along the c axis, L., and the domain size along the a
axis, Lg, for 5Co-LIG, 5Mo-LIG, and 5Fe-LIG were calcu-
lated from the full width at half-maximum of
the (002) and (100) peaks. L. and L, are 4.9 and
11.6 nm; 4.0 and 8.3 nm; and 2.7 and 10.4 nm, respec-
tively (Supporting Equations). After annealing at 750 °C
under argon, the (002) and (100) peaks became sig-
nificantly sharper, suggesting a larger crystalline do-
main along the a and c axes. The crystal structures of
metal oxide nanocrystals are also present in Figure 3d—f,
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Figure 2. High-resolution TEM images showing crystalline metal oxide in LIG. (a, b) C0o30, in 5Co-LIG, (¢, d) MoO; in 5Mo-LIG,
and (e, f) Fe;0, in 5Fe-LIG. The scale bar in (a) is 2 nm, and the scale bars in (b)—(f) are 5 nm.
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Figure 3. Structure characterizations of MO-LIG and MO-LIG-A. Raman spectra of (a) cobalt-, (b) molybdenum-, and (c) iron-
containing LIG before and after annealing. XRD spectra of (d) cobalt (PDF #98-000-0166)-, (e) molybdenum (PDF #04-005-
4546)-, and (f) iron (PDF #04-007-2412)-containing LIG before and after annealing.

yet the intensities are much weaker compared to
those of graphene due to the low concentration of
the materials. The annealing process does notlead to a
significant shift in 20 of nanocrystals, yet the corre-
sponding XRD peaks became more intense, suggesting
that the nanocrystals maintained the same crystal
phases yet with more crystalline structures after an-
nealing. The planar spacings of the lattice planes
calculated from the XRD spectra were consistent with
those from direct measurement of high-resolution TEM
images (Supporting equations).

The chemical composition of the MO-LIGs was
analyzed by X-ray photoelectron spectroscopy (XPS).

YE ET AL.

As shown in Figure S3, the high-resolution C 1s XPS
spectrum primarily consisted of a peak centered at
284.5 eV, indicating that the carbons are mainly C—C
bonded; the N 1s peak location at ~400 eV indicates
that the nitrogen atoms are mainly in pyrrolic struc-
tures. As to the metals, the presence of the major peak
at 780 eV and satellite peak at 785 eV in the Co 2p XPS
spectrum (Figure S3d) reveal that the cobalt contains
both 42 and +3 oxidation states.® Similarly, molyb-
denum is in oxidation states of +2 and 46, and iron is
in oxidation states of +2 and +3. No apparent shift
occurs in the C 1s, O 1s, Co 2p, Mo 3d, and Fe 2p XPS
spectra after annealing, which suggests the environments
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Figure 4. Oxygen reduction catalytic performance of MO-LIG-A. (a) Cyclic voltammetry curves of LIG-A, 5Co-LIG-A, 5Fe-LIG-A,
5Mo-LIG-A, and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 5mV s~ . Rotating-disk voltammograms of (b) 5Co-LIG-A,
(c) 5Mo-LIG-A, and (d) 5Fe-LIG-A in O,-saturated 0.1 M KOH at a scan rate of 5mV s~ ' at different rotating speeds. The sample
loadings are ~0.08 mg cm 2. Insets are the corresponding Koutecky—Levich plot at different potentials.

of these elements remain unchanged. However, the N
1s peak shifts from 400 to 401 eV after annealing,
indicating a transformation of pyrrolic nitrogen into
quaternary nitrogen.?® A shoulder peak corresponding
to the pyridinic nitrogen at 398.5 eV also becomes
more significant after annealing. The atomic concen-
trations of the elements in MO-LIG and MO-LIG-A are
summarized in Table S2. All the samples contain >90 at. %
carbon and <1 at. % metal.

Electrocatalysis Performance. Although the atomic con-
centrations of metal elements are low, MO-LIG-A ex-
hibits effective and efficient electrocatalytic activity
in converting O, into OH™. Figure 4a displays the cyclic
voltammetry (CV) curves of MO-LIG-A and commercial
Pt/Cloaded on glassy carbon in an O,-saturated 0.1 M KOH
aqueous solution. The E;,, redox peaks of O,/OH™ of
5Co-LIG-A, 5Fe-LIG-A, and 5Mo-LIG-A are 0.79 V, 0.74,
and 0.77 V, respectively. These values are comparable
to that of Pt/Cat 0.81 V. The ORR kinetics of the MO-LIG-A
were further assessed by linear swept voltammetry
(LSV) using a rotating-disk electrode (RDE) in 0.1 M KOH
solution (Figure 4b—d). Linear fitting of the corre-
sponding Koutecky—Levich plots at the selected po-
tentials (insets in Figure 4b—d; Supporting equations)
reveals that the electron transfer numbers (n) are 3.6,
3.9, and 3.9 for 5Co-LIG-A, 5Mo-LIG-A, and 5Fe-LIG-A,
respectively, which are close to a full reduction (n = 4)
of O, to OH.3%3! However, the ORR catalytic efficiency
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is much inferior for annealed LIG without metal oxide
nanocrystals (LIG-A). As shown in Figure 4, the E;);
redox peak of LIG-A is at ~0.66 V, which is much lower
than that of MO-LIG-A. The electron transfer number of
LIG-A derived from the Koutecky—Levich plot (Figure S4a)
also drops to 2.7, indicating a more favorable 2e
reduction of O, toward HO, . The samples without
annealing also present lower catalytic activity, as evi-
denced in Figure S4b—d, where the electron transfer
numbers are 2.6, 3.1, and 2.3 for 5Co-LIG, 5Mo-LIG,
and 5Fe-LIG, respectively. The enhanced catalytic per-
formance after the annealing process is thought to
be due to the increased crystalline structure and
the improved contact between metal oxide nanocryst-
als and graphene,® producing a strong synergistic
interaction.'*333

The ORR electrocatalytic activity of MO-LIG-A was
further analyzed using Tafel slopes (Figure 5a) derived
from the mass-transport correction of the LSV curves
in RDE (Supporting equations). The calculated Tafel
slopes for 5Co-LIG-A and 5 Mo-LIG-A are 50 and 57 mV
decade ™, respectively. However, 5Fe-LIG-A has a Tafel
slope of 102 mV decade™’, suggesting a lower ORR
activity. These values are comparable to graphene-
based composites in the literature. For example, a
value of 42 mV decade™' for the Co;0,/N-rmGO,'?
~110 mV decade ' for Fe-N-rGO,>* and ~200 mV de-
cade ™' for MoOx/GCE are reported. The high catalytic
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Figure 5. Stability and activity of MO-LIG-A as oxygen reduction catalysts. (a) Tafel plots of 5Co-LIG-A, 5Mo-LIG-A, and
5Fe-LIG-A derived by mass-transport correction of corresponding RDE data. (b) Relative current of 5Co-LIG-A, 5Mo-LIG-A, and
5Fe-LIG-A collected at 0.4 V for 6000 cycles in 0.1 M KOH at a scan rate of 100 mV s~ ".

activity of MO-LIG-A is impressive since the metal
loading in the materials was <1 at. %, concentra-
tions that are much smaller than reported in other
studies.'®331343¢ Remarkably, these MO-LIG-As also
exhibit extraordinary ORR catalytic stability. As shown
in Figure 5b, the current densities of MO-LIG-As at 0.4 V
remain mostly unchanged after 6000 cycles in 0.1 M
KOH solution. The stability in the presence of methanol
was also examined. As shown in Figure S5, no signifi-
cant drops in current were observed after the addition
of methanol, indicating the MO-LIG-A materials are not
heavily susceptible to the poisoning effect of methanol.

Besides functioning as ORR electrocatalyst, the
tunable nature of nanoparticles in LIG through lateral
doping makes it possible to modify the material for
uses in other electrocatalytic reactions. For example,
reaction of 5Mo-LIG with sulfur at 350 °C leads to the
conversion of MoO, to MoS; nanocrystals (MoS,-LIG).
The successful conversion was confirmed using TEM
analysis (Figure S6), where a dqoo = 0.32 nm was
observed.?” High-resolution XPS of Mo 3d and S 2p
(Figure S7) also further verified the identity of MoS,.
As shown in Figure S7a, after reaction with sulfur, the

METHODS

Materials Synthesis. Poly(pyromellitic dianhydride-co-4,4'-oxi-
dianiline amic acid) (7.8 g) solution (12.8 wt % in N-methyl-2-
pyrrolidone/aromatic solvent, 80:20, 25038-81-7, Sigma-Aldrich)
was used as a precursor solution for formation of a polyimide
sheet. Cobalt(lll) acetylacetonate (1 mL of 50 mg/mL in NMP,
21679-46-9, Sigma-Aldrich), iron(lll) acetylacetonate (1 mL of
50 mg/mL in NMP, 14024-18-1, Sigma-Aldrich), or molybdenyl(V1)
acetylacetonate (1 mL of 50 mg/mL in NMP, 17524-05-9, Sigma-
Aldrich) was added to the PAA solution with bath sonication
(Cole Parmer, model 08849-00) until a homogeneous mixture
formed. The solution was poured into an aluminum dish (~5 cm
in diameter and ~1 cm in depth), and the dish was placed in a
vacuum oven at 60 °C under ~120 mmHg vacuum for 3 d to
evaporate the solvent. The film-forming process was completed
using a hydraulic press (Carver, no. 3912) with an applied load of
3 x 10° Pa at 200 °C for 30 min to dehydrate and form the metal-
complex-containing Pl sheet. Laser induction was then con-
ducted on the metal-complex-containing Pl substrate with a
10.6 um carbon dioxide (CO,) laser cutter system (Universal
X-660 laser cutter platform with a pulse duration of ~14 us).
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major peak (Mo 3ds,,) shifts from 232.3 to 228.9 eV,
where Mo*"3ds,, is located. The HER performance was
assessed by LSV of MoS,-LIG in 0.5 M H,S0O, with an
onset overpotential of ~200 mV and a Tafel slope of
97 mV decade " (Figure $8). The low current observed
(~2 mA cm~2 at 100 mV off onset potential) is attrib-
uted to the low concentration of MoS, nanocrystals,
which is only HER active at the edge.3®*° Electroche-
mical surface area (ECSA) measurement (Figure S9;
Supporting Equations) revealed that Agcsa = 24 cm?,
which also confirms the low concentration and small
active area.

CONCLUSION

In summary, we have developed a cost-effective
method for preparation of nanocrystals embedded in
graphene. With a metal loading of less than 1 at. %,
these materials exhibit excellent ORR catalytic activity,
which primarily comes from the metal oxide nano-
crystals. The performance of the MO-LIG is tunable by
varying the metal complex precursor or doping with
other elements. This may make it possible to use the
MO-LIGs and their derivatives in various applications.

The laser power was fixed at 4.8 W during laser induction. All
experiments were performed under ambient conditions. The
annealing process was performed in a CVD furnace. Typically,
MO-LIG powder was heated at 750 °C in a standard one-inch
quartz tube furnace for 30 min. The pressure inside the quartz
tube was ~100 mTorr with continuous Ar flow (50 sccm).

Characterization. SEM was performed using an FElI Quanta
400 high-resolution field emission scanning electron micro-
scope in high-vacuum mode. The BET surface area was mea-
sured using a Quantachrome Autosorb-3B surface analyzer, and
the sample was dried at 110 °C under vacuum for 16 h before
the experiment. TEM was performed using a JEOL 2100 field
emission gun transmission electron microscope. XPS spectra
were taken on a PHI Quantera SXM scanning X-ray microprobe
with a base pressure of 5 x 1072 Torr. A pass energy of 26 eV
with a 200 um beam size was used for elemental spectra. Raman
spectroscopy (Renishaw inVia) was performed at 514.5 nm laser
excitation at a power of ~10 mW. XRD was conducted on a
Rigaku D/Max Ultima Il with Cu Ko radiation. All of the samples
for SEM, TEM, XPS, Raman, BET, and XRD were powder that was
scratched from the LIG films.
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Electrochemical Characterization. CV and RDE studies of ORR
were conducted in a home-built electrochemical cell using a
mercury/mercury oxide electrode (CHI 152, CH Instruments) as
the reference electrode and a Pt wire as the counter electrode.
The currents were collected using a CHI 608D workstation
(CH Instruments). For the preparation of electrode for the ORR
test, 2 mg of catalyst was dispersed in 2 mL of 0.5 wt % Nafion
aqueous solution by sonication (Cole Parmer, model 08849-00)
until ahomogeneous ink was formed. Then, 16 uL of the catalyst
ink was loaded onto a glassy carbon electrode (5 mm in
diameter, Pine Instrument) and dried slowly in air. A flow of
0O, was maintained in the electrolyte during the measurement
to ensure continuous O, saturation. A saturated calomel elec-
trode (CHI 150, CH Instruments) was used in the HER measure-
ment. For preparation of the electrode for the HER test, 4 mg of
catalyst was dispersed in 1 mL of 0.5 wt % Nafion aqueous
solution by sonication until a homogeneous ink was formed.
Then, 5 uL of the catalyst ink was loaded onto a glassy carbon
electrode (CHI 104, CH Instruments) and dried slowly in air.
Measurements were conducted in 0.5 M H,SO, at a scan rate of
5 mV s~'. Al the reference electrodes were calibrated with
respect to the reversible hydrogen electrode. The calibrations
were conducted in high-purity hydrogen-saturated electrolyte
with a Pt wire as the working electrode ata scan rate of TmVs ™.
The average of the two potentials of each CV curve where the
current crossed zero was taken to be the thermodynamic
potential. For the mercury/mercury oxide electrode, E(RHE) =
E(Hg/HgO) + 0.901 V in 0.1 M KOH. For the saturated calomel
electrode, E(RHE) = E(SCE) + 0.260 V in 0.5 M H,SO,,
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