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ABSTRACT: Measurement of infrared spectroscopy has emerged as a significant

Infrared radiation

challenge for carbon materials due to the sampling problem. To overcome this , ‘
KBr wind | 1 @

issue, in this work, we performed measurements of IR spectra for carbon materials
including Cg, Co, diamond powders, graphene, and carbon nanotubes (CNTs)
using the photoacoustic spectroscopy (PAS) technique; for comparison, the
vibrational patterns of these materials were also studied with a conventional
transmission method, diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy, or Raman spectroscopy. We found that the IR photoacoustic
spectroscopy (IR-PAS) scheme worked successfully for these carbon materials,
offering advantages in sampling. Interestingly, the profiles of IR-PAS spectra for
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graphene and CNTs exhibit negative bands using carbon black as the reference;
the negative spectral information may provide valuable knowledge about the storage energy, production, structure, defect, or
impurity of graphene and CNTs. Thus, this approach may open a new avenue for analyzing carbon materials.

B INTRODUCTION

Photoacoustic spectroscopy is an unusual form of sFectrosco—
py, frequently referred to by the acronym PAS, ™ which
consists of a spectrum of the intensity of the acoustic signal
detected by a microphone or a piezoelectric detector, against
the excitation wavelength or photon energy. In short, PAS
measures the response of light on a sample through acoustic
detection. Using this means, the absorbed light generates heat
in a sample, creating thermal expansion and eventually
producing a pressure wave or sound that is monitored in the
form of an acoustic wave detected by a piezoelectric sensor or
a microphone.

Combined with an infrared source, IR photoacoustic
spectroscopy (IR-PAS) was developed in 1968.°"'* Using
modern equipment and light sources, IR-PAS analyzes
materials with several advantages including minimal sample
preparation, being suitable for opaque materials, and being
nondestructive for analytes. The IR-PAS technique thus proves
attractive to researchers to expand its unique spectroscopic
property for analysis of materials; furthermore, the scientific
community is exploring new applications of this technique for
various forms of samg)les, including gaseous molecules, liquids,
solids, and powders.”">~"

Materials containing elemental carbon with a very high ratio
(above 80%) can be classified as carbon materials; these may
include graphenes, graphites, diamonds, fullerenes, chars,
shoots, cokes, and carbonaceous solids. Sometimes, analysis
of these carbon materials might be difficult or even impossible
by using transmission techniques; indeed, measuring the
infrared absorption spectra of these carbon materials poses
significant challenges due to sampling issues. Instead, we
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believe that the PAS technique may successfully enable the
acquisition of the IR spectra for carbon materials while
eliminating these difficulties;*° ™ therefore, it is worthwhile to
pay particular attention to the analysis of carbon materials
using the IR-PAS technique.

Considering that the IR-PAS scheme may be useful and
feasible to study carbon materials, we performed measure-
ments of IR spectra using the PAS procedure for materials
including Cg, Cyq, graphene, carbon nanotubes (CNTs), and
diamond powders. We also compared their IR spectra
measured by the PAS technique with other spectroscopic
methods in this work.

B EXPERIMENTAL SECTION

The spectra of the carbon materials were measured with an IR-
PAS system, in which the PAS accessory attached to a
microphone detector (model number PAC300) was provided
by MTEC Photoacoustic, Inc. This PAS part was coupled to a
Fourier transform infrared (FTIR) spectrometer (ABB
FTLA2000-104, Quebec, Canada).*® To reduce interference
from environmental gases, the FTIR spectrometer was flushed
out with gaseous nitrogen. Meanwhile, the PAS cell was purged
with helium gas to enhance the sensitivity of the signal; by this
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means, the flow rate of He was regulated below 5 cc/s to avoid
blowing sample powders into the detector. The samples were
placed in a stainless-steel cup, provided by MTEC Photo-
acoustic Inc., with part number LSC001. We lifted up the
sampling cup in the gaseous He environment under
atmospheric pressure; usually, the samples were loaded into
the cup at depths of about 2 mm. As a reference, the carbon
black disk was also supplied by MTEC Photoacoustic Inc. with
part number SHO08. Typically, we recorded 512 scans for the
IR-PAS spectra with a resolution of 8 cm™".

For comparison, the spectra of carbon materials were also
measured by using other techniques. For the infrared
absorption spectra obtained by the transmission mode, the
samples were recorded with the interferometric spectrometer
ABB FTLA2000-104 or the Nicolet Magna 860, in which a
KBr beamsplitter and a HgCdTe or DTGS detector were used
to span the mid-infrared range of 4000—500 or 4000—400
cm™!, respectively. The FTIR spectrometer was also purged
with gaseous nitrogen during the measurements. The
absorption spectra were typically collected with 512 scans
and with a resolution of 1 cm™.

For the Raman shift spectrum, a Raman spectrometer, Micro
Raman Identification (MRI), provided by Pro Trust Tech Co.
Ltd., equipped with a charge coupled device (CCD) detector
was used in the measurement., wherein the light at 532 nm was
used to excite the samples with a beam size of 1.1 X 2.2 mm?>!
The Raman shift spectrum could be scanned in the range of
186—3500 cm™" with a resolution of 1.8 cm™'. As the powder
samples might be unevenly distributed on the substrate, the
Raman shift spectra thus suffered from distortion of the
baselines. Selection of the position monitored could enable the
distortion to be minimized.

IR spectra of diamond powders were also recorded with a
diffuse reflectance accessory (Spectra-Tech) attached to the
FTIR spectrometer (Bomem DAS8), for which a KBr
beamsplitter and a HgCdTe detector were used.”> The FTIR
was operated in vacuum mode to eliminate the absorption of
environmental water vapor and carbon dioxide from the
spectra. For the measurement of the diffuse reflectance infrared
Fourier transform (DRIFT) spectrum, KBr powder was used
as a reference. Typical spectra were measured with a resolution
of 1 cm™ and 200 scans.

Materials of Cgy (99.95%), C, (98%, up to 2% carbona-
ceous materials), carbon nanotube (multiwalled >95%; OD:
20—40 nm; L: 5—15 pm), and graphene (nanopowder 8 nm
flakes) were purchased from UNI-ONWARD Corp.; however,
the natural diamond powder of size 10 um was purchased from
WEC Superabrasives. For the absorption measurement, thin
films of Cg, and C,, were prepared on the KBr window; for
this purpose, a saturated solution of C4 and C,, in xylene
solvent was slowly sprayed onto a KBr window that was placed
on top of a heater. Then, the substrates with the films of Cq,
and C,, were placed in a vacuum oven at 150 °C for 24 h. For
the PAS measurements, the samples were placed directly in the
LSCO001 cup without any pretreatment.

B RESULTS AND DISCUSSION

Carbon Black as a Reference for IR-PAS. Usually, IR-
PAS uses signals from carbon black as a reference. Hence, we
measured the PAS-responsive curve of the carbon black sample
(provided by MTEC PAC300 with part number SHO008) in a
single-beam mode first; as the reference, Figure 1(a) depicts
this raw curve in the mid-IR region 4000—S00 cm™'. The
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Figure 1. IR photoacoustic spectra of the carbon black (provided by
MTEC PAC300 with part number SH008) in the wavenumber region
4000—500 cm™": (a) spectrum from a single-beam mode and treated
as a reference, and (b) ratio spectrum (in percentage scale) of the two
curves recorded consecutively in 15 min.

profile of this IR-PAS curve of carbon black reveals overlapping
of the weak absorption of gaseous water in the wavenumber
region 1700—1300 cm™" but no signal from the environmental
carbon dioxide near 2350 cm™". The air did contain the vapor
of water and environmental carbon dioxide, as could be
observed in the background of the IR spectrum without any
pretreatment. In this work, we purged the optical path of the
IR instrument with high-purity nitrogen gas and the sampling
cell with high-purity helium gas; by this means, we could
remove any detectable carbon dioxide. However, the purging
gases might introduce impurities in water, or the entire
instrumental system might release gaseous water from the
surface; as a result, we could still observe the weak signal of
gaseous water in the spectrum.

To test the performance of the IR-PAS spectrometer, we
subsequently recorded the next scan for the same carbon black
sample 15 min later. Accordingly, Figure 1(b) displays the
ratio spectrum from the two curves obtained consecutively for
the same carbon black in the percentage scale; undoubtedly,
this IR-PAS ratio spectrum is almost linear without
perturbation from environmental moisture. The noise for
peak-to-peak variation was well below 0.5% in the wavenumber
region 3000—600 cm ™. The result demonstrated that this IR-
PAS system operated under stable conditions with good
sensitivity.

IR-PAS of Fullerenes. To measure the IR-PAS spectra of
the powders for carbon materials, we can directly place the
powders in the sample cup and record their PAS curves;
subsequently, the raw curves of the samples were divided by
the reference spectrum of the carbon black, as shown in Figure
1(a), resulting in the final IR-PAS spectra. By this means, the
IR-PAS spectrum of the Cg, powders obtained is displayed in
Figure 2(a); accordingly, the intramolecular vibrational bands
of IR-PAS for C4y powders were clearly observed at 525, 575,
1182, 1429, and 1539 cm™. For comparison, we also measured
the absorption spectrum of the Cy, film with the transmission
method, in which the film was prepared by dropping the
saturated Cg, solution, in xylene, onto a KBr window and was
then dried in a vacuum oven at 150 °C overnight. The
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Figure 2. IR spectra of Cg in the region 4000—500 cm™" at 300 K:
(a) PAS spectrum of the powders (resolution 8 cm™) and (b)
absorption spectrum of the film (resolution 1 cm™).

absorption spectrum of the Cq, film shown in Figure 2(b)
displays the absorption bands of the Cg, film for infrared-active
intramolecular vibrational modes at 527, 576, 1183, and 1429
cm™ corresponding to F,,(1), F;,(2), F;,(3), and F,,(4) with
F,, symmetry and at 1539 cm™" corresponding to the Fi(2) +
H,(2) group.33_41 Comparing Figure 2(a,b), the positions of
bands of IR-PAS recorded from C4, powders and those of
absorption obtained from the Cg, film are in satisfactory
agreement, as listed in Table S1 (see in the Supporting
Information). Overall, both spectral profiles look very similar
in shape.

The fullerene consisting of 70 carbon atoms is C,,, which is
made of 25 hexagons and 12 pentagons with a Ds;, symmetry;
its structure is similar to that of the C4, molecule, having 20
hexagons and 12 pentagons, with an I symmetry. Readily, the
IR spectrum of the C;, powders determined by the PAS
method and that of the C,, film measured by the absorption
technique are shown in Figure 3(ab), respectively; similarly,
the sampling procedures of the powders and the film for C,
samples were the same as those for Cg, samples. Likewise, the
positions of the IR bands of the C,, sample examined by the
PAS technique for the powders and those scanned by the
absorption method for the film appear to be in good
agreement, as listed in Table S2 (see in the Supporting
Information);*>*'™* however, the profile of PAS for the
powders and that of absorption for the film exhibit a slight
difference. The strongest IR band of the C,, powders is at
1431 cm™! in the PAS spectrum, whereas that of the film is at
534 cm™' in the absorption spectrum. PAS is an indirect
absorption spectroscopy technique; here, the ground-state
molecule is excited to a higher energy state after absorbing
light energy and returns to the ground state by nonradiative
transition with the release of heat. Thus, the intensity of the
PAS is proportional to the absorption coefficient () and the
conversion efficiency (#7) of the absorbed light energy into
heat. On comparison of the absorption and PAS spectra in
Figure 3, we may conclude that the conversion efficiencies are
not constant in the IR region for C,.

Opverall, the IR spectra of fullerenes Cqy and C,y could be
successfully measured by the PAS technique. Compared with
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Figure 3. IR spectra of C; in the region 4000—500 cm™ at 300 K:

(a) PAS spectrum of the powders (resolution 8 cm™) and (b)
absorption spectrum of the film (resolution 1 cm™).

the transmission method, the positions of the bands in PAS for
the powder agree very well with those in absorption for the
film, but the spectral profiles might differ in both techniques.
Exclusively, the IR-PAS measurement has an advantage in
sampling for fullerenes; with this benefit, the fullerene samples
could be directly applied to measurements without any further
treatment in the IR-PAS technique.

IR-PAS of Diamond Powders. Natural diamonds are
rarely pure and may be contaminated with hydrogen, boron,
nitrogen, and other elements. The impurities and defects in
diamonds can be distinguished by their infrared spectra,’>**~>*
For the analysis of contaminants and color centers in
powdered diamonds, we might try to use IR-PAS to avoid
further sample preparation. The characteristic IR-PAS
spectrum of natural diamond powder with size 10 ym was
thus recorded, as shown in Figure 4(a); for comparison, the
same sample was also measured by the diffuse reflectance
infrared Fourier transform (DRIFT) technique, as displayed in
Figure 4(b).

Twenty-one bands could be clearly detected from both
spectra for the 10 ym natural diamond powders, as listed in
Table S3 (see the Supporting Information). Here, four
characteristic bands were recorded at 2933, 2964, 3107, and
3237 cm™! attributed to hydrogen impurities in the left
part.*>*7°%3355 However, the strong absorption bands
appearing in the central region at 1976, 2030, 2094, 2158,
2177, 2442, and 2515 cm ™' are related to the intrinsic
absorptions of two- and three-phonon processes for diamond
itself.”>>" In the fingerprint region, the prominent features are
observed at 1282 and 1177 cm™!, associated with an A (N2)
center and a B (N4) center of a nitrogen defect. Additionally,
the small shoulder at 1096 cm™" is induced by the A center,
while the other small bands at 737, 1011, and 1330 cm™! are
induced by the B center. Another small peak at 1432 cm™" may
be associated with the N3 center, and the weak band at 1368
em™! is from platelets.’>** 733975 According to the spectra
from Figure 4(a,b), this natural diamond powder thus belongs
to the type IaAB.

Diamond is the hardest natural material and cannot be
dissolved intact in any solvent, which complicates sample
preparation for transmission IR spectra. Instead, powdered
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Figure 4. IR spectra of natural diamond powders with size 10 ym in
the region 4000—500 cm™" at 300 K: (a) PAS spectrum (resolution 8
cm™) and (b) diffuse reflectance IR spectrum (resolution 1 cm™).
The lines at 1282 and 1177 cm™" are marked and associated with A
(N2) and B (N4) centers, respectively, due to nitrogen defects in
diamond; this diamond accordingly belongs to the type IaAB.

diamonds may be directly analyzed using the IR-PAS or
DRIFT technique without further sampling. As a demon-
stration, both techniques can successfully obtain IR spectra for
diamond powders. Although both spectra show similarity in
profiles, the intensity of the IR spectrum from the DRIFT
technique is higher than that from the PAS method for
diamond powders. Thus, we might conclude that the former
technique is more sensitive for identifying the type of diamond
powders.

IR-PAS of Graphene. Graphene, one of the allotropes of
carbon, is a material that has a single layer of carbon atoms
with a thickness of only 335 pm. Rediscovered, isolated, and
investigated in 2004,” graphene and its characteristic spectra
have since been extensively studied using various spectroscopic
techniques. In this work, graphene samples were measured
with the IR-PAS and Raman techniques at approximately 300
K as displayed in Figure 5(a,b), respectively, for comparison.
Graphene consists of a single layer of atoms arranged in a
hexagonal lattice nanostructure; as a result, each carbon is
connected to its three nearest neighbors by an sp? bond.
Raman spectroscopy is sensitive to symmetric covalent bonds;
thus, it can provide a wealth of information about the structure
of graphene.””™®* The unique Raman shift spectrum of the
graphene sample is revealed in Figure S5(b), where the
characteristic D, G, and 2D peaks of graphene were clearly
identified at 1351.5, 1584.5, and 2682.7 cm™’, respectively.
The D band is associated with sp® hybridized carbon atoms
and defects within the carbon atom plane, while the G band is
associated with the pristine lattice of sp> bonded carbon atoms
in the graphene sheet. The D band (denoting disorder-
induced) is known as the disorder band or the defect band; the
intensity of the D band is directly proportional to the level of
defects or impurities in the sample. The Raman spectrum in
Figure 5(b) shows a noticeable D band, suggesting that this
graphene sample contains defects or impurities, which may be
characterized in the IR-PAS spectrum as shown in Figure 5(a).

Although the D, G, and 2D bands of graphene are active in
the Raman spectrum, these bands are inactive in the IR
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Figure S. Spectra of graphene at 300 K: (a) IR-PAS spectrum and (b)
Raman shift spectrum excited at 532 nm.

spectrum as shown in Figure 5(a). However, the IR-PAS
spectrum of graphene reveals other negative peaks but not
positive ones, as displayed in Figures 2(a) and 3(a). It is not
clear what the negative bands represent. The result might
indicate that graphene may preserve the excitation energy of IR
light instead of relaxing the energy by acoustic waves through
these bands.

For preparation, it is difficult to synthesize graphene without
defects or impurities. As shown in Figure 5(a), negative bands
were observed at 1734.0, 1458.3, 1369.5, 1252.5, 1184.5,
1129.5, 1067.4, and 1025.6 cm ™", which are associated with the
vibrational bands of impurities or defects, including possible
graphane, hydrogenated graphene, graphene oxides (GOs), or
reduced-graphene oxides (rGOs) in graphene.®”**

Synthetic techniques like liquid-phase oxidation, gaseous
phase etching, and templated growth have been employed to
produce scalable graphenes. These methods might utilize GO,
rGO, or other materials mentioned above as starting
materials.”> " Thus, measuring the IR-PAS of graphene can
provide valuable information on its production process and
impurities within it; for this reason, a systematic investigation
of IR-PAS on various types of graphenes needs to be
conducted.

IR-PAS of CNT. The structure of the carbon nanotube
(CNT) can be considered as a rolled-up graphene sheet
around a core tube. Multiwalled carbon nanotubes
(MWCNTs) may have many layers of graphene wrapped
around the core tube. Similar to the spectra of graphene, the
IR-PAS and Raman spectra of MWCNT's with diameter 20—40
nm were also measured close to 300 K in this work; the results
of the former and the latter are displayed in Figure 6(a,b),
respectively, for comparison. In the Raman shift spectrum of
MWCNTs, the D, G, and 2D bands were recorded at 1342.4,
1576.6, and 2679.7 cm ™", respectively;”~"" these positions are
close to those in graphene. Particularly, the more prominent D
band in the MWCNT indicates more disorder in its structure.

Interestingly, the IR-PAS spectrum of MWCNT also
possesses negative bands, similar to the one of graphene;
meanwhile, the positions of these bands were recorded at the
same values in both IR-PAS spectra. Thus, we expect that the
IR-PAS of MWCNT might also provide valuable spectral
information on the structure and functional groups of the
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Figure 6. Spectra of multiwalled carbon nanotubes with diameter 20—
40 nm at 300 K: (a) the IR-PAS spectrum and (b) the Raman shift
spectrum excited at 532 nm.

CNT, related to its production, impurities, and properties. In
the future, more work will still need to be conducted to
thoroughly investigate the understanding and application of
IR-PAS for CNTs.

B CONCLUSIONS

In this work, we performed the measurements of IR spectra on
various carbon-related materials, like Cg, C,, graphene,
carbon nanotube, and diamond powders by using the
photoacoustic spectroscopic technique. For comparison, the
vibrational patterns of these materials were also examined by
other spectral techniques including the transmission method,
the diffuse reflectance infrared Fourier transform technique, or
the Raman spectroscopic scheme. As a result, we conclude that
the IR-PAS technique can successfully obtain valuable
vibrational information on Cg4, C,, diamond powders,
graphene, and CNT without sampling problems. Particularly,
the IR spectra of PAS for graphene and CNT exhibit negative
bands when using carbon black as the reference; these negative
bands may provide valuable insights into storage energy,
production, structure, defects, or impurities of these materials.
Hence, this study may open a new avenue for analyzing carbon
materials. For a full understanding and application of the IR-
PAS, further studies need to be thoroughly conducted on these
carbon materials in the future.
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