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anocarbon materials represented
N by carbon nanotubes and nan-

ographene sheets have been of
great interest because of their unique struc-
tural, electrical, and mechanical
properties.' ' Potential applications of
nanocarbon materials include electronic de-
vices, electromechanical devices, quantum
wires, ultrahigh strength engineering fibers,
and catalyst supports. To develop these ap-
plications, functional molecules have been
attached to the carboxyl (—COOH) groups
created by oxidation on nanocarbons. The
existence of —COOH groups is usually con-
firmed using infrared absorption spectra
and by temperature-programmed thermo-
gravimetric analysis;'>~2° however, their
exact locations in the nanocarbons have not
been determined. It is believed that they ex-
ist at the cut edges of the graphenes and
on the graphene planes; however, this has
not been verified to date. We show in this
study that selective staining of the —COOH
groups with Pt(IV) (Pt(NH5),(OH),)
(Pt—ammine complexes) was possible, and
the stained spots were observed by trans-
mission electron microscopy (TEM).

RESULTS AND DISCUSSION

The nanocarbon used in this study was
nanometer-sized graphene sheets prepared
as follows. We first prepared spherical ag-
gregates of single-wall carbon nanohorns
(SWNHs), pseudocylindrical objects with
nanometer diameters made of single
graphene sheets, by CO, laser ablation of
graphite (no metal included) at room
temperature.?’?? The laser ablation condi-
tions were adjusted to prepare special ag-
gregates (petal-SWNH) that contained not
only SWNH but also a lot of few-graphene-
sheets with petal-like forms (P-FGS),** as
shown in Figure 1a,b. The typical P-FGS had

www.acsnano.org

ABSTRACT Although chemical functionalization at carboxyl groups of nanocarbons has been vigorously

investigated and the identities and quantities of the carboxyl groups have been well studied, the location of

carboxyl groups had not previously been clarified. Here, we show that site identification of carboxyl groups is

possible by using Pt—ammine complex as a stain. After Pt—ammine complexes were mixed with graphenes in

ethanol, many Pt—ammine complex clusters with an average size of about 0.6 nm were found to exist at edges

of graphene sheets, indicating that the carboxyl groups mainly existed at the graphene edges. These results will

make it easier to add functionalities by chemical modifications for various applications of nanotubes and other

nanocarbons.
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a width of about 30—80 nm and thickness
of about 1—7 nm. Next, we removed the
SWNHs but retained the P-FGS by light-
assisted oxidation (LAOx) using an aqueous
solution of H,0,%* and obtained oxidized
P-FGS (P-FGSox) (Figure 1c). The edges of
P-FGSox (Figure 1d) were rougher com-
pared with those of P-FGS (Figure 1b). We
reported previously that LAOx is suitable for
forming abundant —COOH groups,®* which
is also seen in this study. The Fourier-
transformed infrared (FT-IR) absorption
spectrum of P-FGSox (Figure 2b) showed
stronger peaks of oxygenated groups
(~1180 and ~1560 cm ") than those of
the oxygenated groups of petal-SWNH (Fig-
ure 2a). A peak at 1760 cm ' of P-FGSox
was assigned to the stretching of (=0
groups of carboxyl groups'*~'” and other
oxygenated groups such as lactones and
carboxyl anhydrides'” (Figure 2b).

P-FGSox showed a greater weight loss
in a thermogravimetric analysis (TGA) and
more emissions of CO (m/z = 28) and CO,
(m/z = 44) than petal-SWNH, suggesting
that P-FGSox had abundant oxygenated
groups (Figure 3). It is known that —COOH
decomposes and emits only CO, (no CO
emission) below 400 °C,'®2° which was

graphene - nanotube - subnanometer-sized Pt
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ical TEM image of few-graphene-sheets with petal-like forms (P-F

GS), oxi-

by heat treatment at 1200 °C in H, for 3 h
(HTP-FGSox). No peaks corresponding to the
oxygenated groups were observed in the
FT-IR spectra of HTP-FGSox (Figure 2¢), and
a small decrease in weight was observed in
TGA (Figure 3). The emission of CO, or CO
from HTP-FGSox was not observed (blue lines
in Figure 3). The TEM images of HTP-FGSox
exhibited smooth graphene edges, indicat-
ing that the edges were more or less ther-
mally annealed (Figure 1e,f).

The staining of —COOH groups of
P-FGSox by the Pt—ammine complex (Pt
complex/P-FGSox) was observed using a
TEM. In the TEM images, many dark spots of
Pt—ammine complexes at the edges and
steps of P-FGSox were observed; typical
spots are indicated with arrows in Figure
4a,b. The spot size distribution exhibited a
maximum at 0.6 nm (Figure 4a). These
Pt—ammine complex clusters were also ob-
served as dark spots in scanning transmission
electron microscopy (STEM) (Figure 4b) or as
bright spots in a Z-contrast image (Figure 4c).
(In a Z-contrast image, the image contrast is
proportional to the square of the atomic
number; therefore, the Pt atoms appear as
bright spots.) Elemental analysis using
energy-dispersive X-ray (EDX) spectroscopy
for a selected area of about 0.25 nm? showed
that the bright spot contained Pt (Figure 4d
orange arrow); however, the featureless sur-
face did not show such spots (Figure 4e pale-
blue arrow). Therefore, we can be sure that
the Pt complex preferentially attached to the
edges and steps of P-FGSox and not on the
featureless surface of graphene.

dized P-FGS (P-FGSox), and heat-treated P-FGSox (HTP-FGSox). (a, b) P-FGS. The P-FGS

observed from the front and side directions are indicated with black and yellow arrows,
respectively (a). A magnified image shows the edges of the P-FGS (b). The darker parts

of the edge lines might correspond to the bending of graphene sheets. (c, d) P-FGSox.

There were more defects at the edges and more step sites in P-FGSox than in P-FGS (d).
(e, f) HTP-FGSox prepared by heat treating P-FGSox to remove —COOH and other oxy-

genated groups. Their edges were smooth, indicating that they were thermally recon-

structed (f).

Interaction of —COOH of P-FGSox and
the Pt—ammine complex was studied with
the IR spectra. After the Pt—ammine complex
deposition on P-FGSox, the IR peaks of the
NH; group (Figure 5a green arrows) newly
appeared; however, the —C=0 peaks (1730

observed in temperature-programmed desorption
mass spectrometry (TPD-MS) of P-FGSox (red lines in
Figure 3b,c). From this datum, the —COOH groups of
P-FGSox are estimated to amount to about 4 wt %. At
higher temperatures, the CO and/or CO, are believed to
be emitted from carboxylic anhydrides (~500 °C)"”
and from lactones, ether, phenol, carbonyl, and/or
quinone (~700 °C)."”

Before describing the staining of the —COOH groups
with hexaammine Pt(IV) (Pt(NH5)¢(OH),) (Pt—ammine
complex), we introduce a control material. We removed
—COOH and other oxygenated groups from P-FGSox

W) VOL.2 = NO.9 = YUGE ET AL.

cm ") of P-FGSox became weaker (cf. Figure

5a red and green lines), suggesting that
—COOH formed amide bonds**?* or ionic bonds?®?”
with the NH; groups. Since the —C=0 peaks of such
amide bonds and ionic bonds usually appear in a wave-
number region of 1550—1650 cm ™', we believe that
the —C=0 peaks of —COOH of P-FGSox were red-
shifted by forming amide bonds or ionic bonds with
NH; groups of the Pt—ammine complex and over-
lapped the absorption bands of P-FGSox appearing at
about 1560 cm ™.

After washing Pt complex/P-FGSox with water, the

NH; peaks became a little weaker, while the —C=0
peak intensity increased to some extent (Figure 5a

www.acsnano.org
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Figure 2. Analysis of oxygen-containing functional groups
by FT-IR absorption spectroscopy. (a) Starting petal-SWNH,
(b) P-FGSox, (c) HTP-FGSox. Assignments of the major peaks
are indicated with arrows.

purple line). We presume that the —C=0 with its inten-
sity recovered by washing with water was —C=0 of
—COOH that ionically bonded to the NH; groups. The
—C=0 with its peak intensity not recovered was that of
the amide bond.

To identify the dominant of the two types of
bonds, we washed Pt complex/P-FGSox with water
and found that many particles of the Pt—ammine
complex washed away, as seen in the TEM image of
Figure 5b. The TGA results showed that the residue
quantity at 1000 °C decreased from about 15 to 8 wt
% by washing with water (not shown). We consider
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Figure 3. TGA and TPD-MS spectra of starting petal-SWNH,
P-FGSox, and HTP-FGSox. (a) TGA results indicated that
P-FGSox exhibited a larger weight loss than the starting
aggregates and HTP-FGSox. The weight loss of P-FGSox
was mainly due to thermal degradation of the oxygen-
ated groups. (b) TPD-MS of m/z = 28 (CO) and m/z = 44
(CO,) indicated that CO and CO, were emitted vigorously
from the P-FGSox, but not from the starting aggregate
or HTP-FGSox.
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Figure 4. Preferential adsorption of Pt—ammine complexes at the edges and
steps of P-FGSox. (a) TEM images of Pt complex/P-FGSox and their size distribu-
tions obtained from about 300 black spots observed in the TEM images. Pt com-
plex clusters attached to the edges (red arrow) and steps (blue arrow). STEM
(b) and Z-contrast (c) images of Pt complex/P-FGSox. EDX spectrum of Pt
complex/P-FGSox at a bright spot indicated with an orange arrow (d) and at
an area on the featureless surface pointed with a pale-blue arrow (e) in the
Z-contrast image. In EDX spectrum (d), the peaks originating from C, K, Pt M1,
and Pt L1 are indicated. The other peaks are associated with Cu and Al of the Cu
grid disk (TEM sample holder) or detector bodies of the EDX analyzer.

that the Pt—ammine complex corresponding to the
“8 wt %" conjugated with P-FGSox through amide
bonds and the other Pt—ammine complex that was
washed away with water were either ionically
bonded to P-FGSox or self-aggregated, making large
particles with sizes of several tens of nanometers,
which we occasionally found with TEM.
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Figure 5. NH;—COOH specific bonds. (a) FT-IR spectra of
P-FGSox, Pt complex/P-FGSox, H,PtCl,/P-FGSox, and Pt
complex/P-FGSox (H,O rinsing). Two distinct peaks at 1370
and 1565 cm ™" characteristic of NH, moieties of the
Pt—ammine complex? are clearly visible (green arrows).
(b) TEM images of Pt complex/P-FGSox showing a smaller
number of black spots of Pt—ammine complex at the edges
and steps of P-FGSox after being washed with water.

Concerning the interactions of —COOH of P-FGSox
and Pt—ammine complex, it is alternatively presumed
that the hydrogen bond was formed between —C=0
and NH; groups that made the —C=0 absorption peak
red shift from 1730 to 1720 cm™'.%% In this explana-
tion, a very small peak at 1660 cm ™' could be assigned
to the absorption peak of —C=0 that ionically inter-
acted with NH; groups. However, these assignments
have problems that the peak intensity became consid-
erably small after the Pt—ammine complex was at-
tached (Figure 5a). Thus we consider that this alterna-
tive assignment is not reasonable.

The attachment of the Pt—ammine complex to
—COOH was specific because the Pt—ammine com-
plex did not attach to the edges and steps of HTP-
FGSox (Figure 1e,f) where there were no —COOH
groups (Figure 2c). TEM observation of the Pt—ammine
complex supported on HTP-FGSox (Figure 6a,b) did
not exhibit any subnanometer-sized clusters of
Pt—ammine complex attached to the edges and steps
of graphenes; however, clusters with sizes of 10—50 nm
were observed. On HTP-FGSox surfaces, the Pt com-
plexes preferred to self-aggregate and form large
aggregates.

AN AN voL. 2 = No.9 = YUGE ET AL
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Figure 6. TEM images of HTP-FGSox with either amine or
—COOH absent. (a, b) TEM images of Pt—ammine complex ad-
sorbed on HTP-FGSox. Pt complexes formed large particles; a
typical one is indicated with yellow arrows. (c) TEM image of
H,PtCl¢/P-FGSox. Almost no H,PtCl, particles were found.

We tried to load a different Pt complex (H,PtCl)
that does not have NH; groups onto P-FGSox (H,PtClg/
P-FGSox). The FT-IR spectrum showed no change for
C=0 bands (cf. Figure 5a red and magenta lines), and
TEM observation showed few Pt clusters deposited on
P-FGSox (Figure 6c).

The number of Pt—ammine complexes in the cluster
observed in the microscopy images of Pt complex/P-
FGSox (Figure 4) is determined as follows. Since the mo-
lecular size of the Pt—ammine complex is about 0.6 nm,°
most of the clusters might correspond to an individual
Pt—ammine complex (Figure 4), or the more likely possi-
bility is that the Pt—ammine complexes were destroyed
by the electron beam and only Pt atoms remained; in this
case, the 0.6 nm cluster would contain several Pt atoms.
Referring to the Pt crystal (face-centered cubic symmetry,
four Pt atoms in a unit cell) lattice constant, 0.39 nm, the
0.6 nm cluster would contain about seven Pt atoms.

CONCLUSIONS

We showed that the —COOH groups were selectively
stained with Pt—ammine complexes, and the locations
of —COOH are identified by observing the Pt—ammine
complexes with electron microscopy. Since this staining
is easy, this method is invaluable for identifying the sites
of the —COOH groups in nanocarbon materials. Such site
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identification makes it possible to design chemical modi-
fications and, therefore, accelerate the development of

MATERIALS AND METHODS

The combustion of the petal-SWNH aggregate composed of
SWNH and P-FGS (40 mg) by LAOx** was performed with 30%
aqueous solution of H,0, (100 mL) for 6 h at 100 °C under light ir-
radiation using a Xe lamp (wavelength = 250—2000 nm, inten-
sity = 3 W, diameter = 1 cm). The specimen was subsequently
washed with pure water, followed by drying for 24 h in vacuum
at 80 °C, and P-FGSox was obtained.

Pt complex/P-FGSox was prepared by dispersing P-FGSox
(15 mg) in an ethanol (10 mL) solution of Pt—ammine complex
(Tanaka Kikinzoku Kogyo K. K.) (0.3 mL), stirred for 12 h at room
temperature, and separated from ethanol by filtration, followed
by washing with ethanol and drying for 24 h in vacuum at 50
°C.3" To remove the Pt—ammine complex bonded ionically or
self-aggregated, Pt complex/P-FGSox was dispersed in 50 mL of
water, sonicated for 1 min, separated from water by filtration,
and washed three times with water (50 mL).

To remove the oxygenated groups and obtain HTP-FGSox,
P-FGSox was heat-treated at 1200 °C in a hydrogen atmosphere
(760 Torr).>2 The Pt—ammine complex was loaded on HTP-FGSox
with the same method as described above. To confirm the selec-
tive adsorption of the Pt—ammine complex to —COOH groups,
we put H,PtClg, which is not reactive with —COOH, on P-FGSox
following the same method described above for Pt—ammine
complex and obtained H,PtCl,/P-FGSox.

The structures of the specimens were observed by TEM us-
ing a Topcon 002B with an accelerating voltage of 120 kV. FT-IR
absorption spectra were measured in the transmittance mode
(Perkin-Elmer spectrum). The spectrometer was purged with dry
nitrogen. The spectra were recorded at a resolution of 4 cm ™'
in the 1000—2000 cm ™' region. For the FT-IR measurement, the
specimens were dispersed in ethanol and sprayed on ZnSe sub-
strate. The FT-IR spectra were normalized by the transmittance at
2000 cm ™ ". The quantity of —COOH groups on P-FGSox was es-
timated by TGA (TGA2950, TA Instruments) performed in a he-
lium atmosphere at temperatures ranging from room tempera-
ture to 800 °C at a ramp rate of 5 °C/min. A constant amount (ca.
5 mg) of sample was used for TGA. The gas components evolved
at an elevated temperature under a helium flow (50 cm® min~")
were analyzed using TPD-MS (Rigaku Thermoplus). The existence
of Pt in the Pt complex/P-FGSox was checked with STEM (Hita-
chi HD2300) operated at an accelerating voltage of 120 kV,
equipped with an EDX analyzer. The quantity of Pt on P-FGSox
was estimated by TGA performed in an oxygen atmosphere at
temperatures ranging from 100 to 1000 °C at a ramp rate of 10
°C/min. A constant amount (ca. 2 mg) of sample was used for the
TGA.
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