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Abstract

The full characterization of the optical properties of nanofluids consisting of single-wall carbon nanohorns of
different morphologies in aqueous suspensions is carried out using a novel spectrophotometric technique.
Information on the nanofluid scattering and absorption spectral characteristics is obtained by analyzing the data
within the single scattering theory and validating the method by comparison with previous monochromatic
measurements performed with a different technique. The high absorption coefficient measured joint to the very
low scattering albedo opens promising application perspectives for single-wall carbon nanohorn-based fluid or
solid suspensions. The proposed approximate approach can be extended also to other low-scattering turbid media.
PACS: 78.35+c Brillouin and Rayleigh scattering, other light scattering; 78 40.Ri absorption and reflection spectra,
fullerenes and related materials; 81.05.U- carbon/carbon-based materials; 78.67.Bf optical properties of low-
dimensional, mesoscopic, and nanoscale materials and structures, nanocrystals, nanoparticles, and nanoclusters.

Introduction

Single-wall carbon nanohorns [SWCNHs] are carbon
nanostructures belonging to the family of carbon nano-
tubes. They consist of single layers of a graphene sheet
wrapped into an irregular tubule with a variable dia-
meter of 2 to 5 nm and a length of 30 to 50 nm, with
cone-shaped tips [1-3]. The SWCNHs assemble to form
roughly spherical aggregates with typical diameters of
about 100 to 120 nm with three characteristic morphol-
ogies: dahlia-like, bud-like, and seed-like [3]. They exhi-
bit both a large surface area and a large number of
cavities [4] and therefore appear promising for a large
variety of applications, including gas storage [5], drug
delivery, [6] and solar energy [7,8]. When the differences
between SWCNHSs and better-known carbon nanotubes
are concerned, the absence of metals in SWCNHs
(which are needed to catalyze nanotube growth) makes
their cytotoxicity negligible [9]. Moreover, the minimum
van der Waals interactions between the superstructures
of SWCNH aggregates give rise to a better dispersion of
SWCNHs in liquid media [10] and a much longer time
stability of their suspensions. In fact, SWCNH aqueous
suspensions have been demonstrated to be very stable
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[7] also when compared to more conventional carbon
forms like amorphous carbon [11]. Recently, we studied
SWCNH-based nanofluids, proposing them as direct
absorber and heat exchange medium for solar collector
applications [9], and we measured the scattering albedo
at some Vis-near infrared [NIR] wavelengths [12]. The
low albedo values measured could open interesting per-
spectives of applications for this kind of nanomaterial
also in other different fields.

In the present paper, we propose a spectrophotometric
method for the spectral evaluation of the scattering
albedo of SWCNH aqueous suspension. The results
obtained with the proposed method have been com-
pared to those recently obtained at some discrete wave-
lengths using a different technique [8,12], showing a fair
agreement.

Materials and methods

SWCNHs were produced with a patented method [13],
able to selectively produce different morphologies of
SWCNHs (dahlia-like, bud-like, and seed-like). Some
dispersant is necessary to avoid aggregation of nanopar-
ticles in water, and sodium n-dodecyl sulfate (99%, Alfa
Aesar, Ward Hill, MA, USA) was demonstrated to be
the best dispersant for this kind of carbon nanostructure
[14]. For the present work, we used two SWCNH sus-
pensions, with dahlia- and bud-like nanohorn

© 2012 Mercatelli et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.


mailto:elisa.sani@ino.it
http://creativecommons.org/licenses/by/2.0

Mercatelli et al. Nanoscale Research Letters 2012, 7:96
http://www.nanoscalereslett.com/content/7/1/96

morphologies, labeled in the following as D and B,
respectively. Both suspensions had the same nanoparti-
cle concentration (0.3 g/l) and the same surfactant con-
centration (1.8 g/l).

The spectral scattering albedo has been obtained from
spectrophotometric measurements carried out by means
of a double-beam spectrophotometer (Lambda 900, Per-
kinElmer, Waltham, MA, USA) equipped with an inte-
grating sphere for the measurement of transmittance (&
= 150 mm, radius of the input aperture: R = 9.5 mm). A
specially designed sample cell was manufactured. The
cell dimensions (surface, 95 x 40 mm?; thickness, L = 5
mm) were chosen in such a way to provide enough
internal volume to allow several additions of SWCNH
suspensions to pure water and to provide low noise
curves with several data points for the chosen experi-
mental method (see below).

The method we propose consists of measuring the
transmittance for different concentrations of SWCNH
(six progressive additions to pure water of a known
amount of the original undiluted concentration). For
each concentration, the measurement is repeated with
the cell at two different distances from the integrating
sphere: with the cell ‘far’ at a distance (dg,, = 160 mm)
and with the cell ‘near’ the integrating sphere, in contact
with the aperture (d,c,r = 0 mm). The two measure-
ments differ for the different fractions of scattered
received power. The scattering albedo is obtained from
these measurements, making the assumption that the
SWCNH particles are sufficiently small with respect to
the wavelength, so their scattering function can be
approximated with the Rayleigh scattering function.

The expression for the scattering albedo has been
obtained starting from the power Py received by the
integrating sphere, which is given by:

Pr = Py + P, (1)

where P, is the ballistic component, and Ps is the frac-
tion of scattered power that enters the integrating
sphere. With reference to Figure 1, Py is related to the
impinging power P, by:

Py = T(0 = 0)Pe "<, )

where T(6 = 0) is the transmittance of the cell win-
dows (that takes into account the losses due to Fresnel
reflections for normal incidence), and g, is the extinc-
tion coefficient. We remind that g, is the sum of the
scattering (u4s) and absorption (u,) coefficients, and the
scattering albedo w is defined as the ratio w = py/e.
The extinction coefficient, being proportional to the
particle concentration, can be expressed as y. = &.p,
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where p is the concentration of SWCNH particles (in
grams per liter) and &, their specific extinction coeffi-
cient (per millimeter per (gram per liter)).

Measurements have been carried out for moderate
values of the optical thickness 7, = p.L (< 2.5). For these
values of 7. and for the low values expected for the scat-
tering albedo (@ < 0.1), the scattered power is domi-
nated by the contribution Pg; due to single scattering,
so Pg = Ps;. Pg; is given by [15]:

o

L
Ps; = Pe f e o, / 27p (0) sin T (6) e '@ dpdz = PopeLo3(a), (3)
0 0

where p(6) is the scattering function, /(z,0) = (L-z)/
cosf), and

L « 1
3(a) = i / / 2nP(9)sin9TZ(;(?)O)eM[(LZ)(COW1)]d0dz, (4)
00

The angle o is the largest value of 6 for which
photons can be detected after a single scattering event.
It is determined by total reflection at the water-glass-air
interface, and its values are (., = 48.7° for the near
position and ¢, = 2.55° for the far one.

If it is possible to assume that
g He(l=a)[cosd ~ ,—ie(L=2), then 3(o) becomes indepen-
dent on p. and consequently on the concentration p.
This approximation means that the attenuation after a
scattering event at point z on the optical axis, due to
the path in the cell that exceeds the remaining path (L-
z), can be disregarded. This hypothesis will be discussed
in more detail below. Under this approximation, 3(c)
becomes:

NOE i / 27p(6) sin OT(0)/T(6 = 0)do. 5)

0

The power received for a p concentration of SWCNH
can be written as:

Pr(p, @) = T(0 = 0)Pee > L1 + gcpLwd(a)], (6)

and being g.pLw3I (o) << 1 (low scattering regime
and albedo < 0.1), we have

InPr(p,a) = —gepL[1 — wI()] +In[T(6 = 0)Pe7)

We measured the sample transmittance at six different
concentrations. From Equation 7, it is possible to obtain
the measured intrinsic extinction coefficient &, peas from
the slope of InPy(p,o) as a function of p:

Eemeas(@®) = €e[1 — 03I(a)]. (8)
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Figure 1 Geometry used for the model.
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Finally, the albedo can be obtained as:

e meas (far) — €e meas (Xnear)

e meas(¢far) [S(anear) - S(al‘ar)] '

e meas(Clfar) — Ee meas(Onear)
Ee [S(O‘near) - S(O‘far)]

- ©)

where we assumed that ¢, = ¢, peans(Oar). TO obtain
w, it is therefore necessary to assume a model for the
scattering function in order to evaluate 3(a). As men-
tioned before, for the SWCNH particles, we considered
the Rayleigh scattering function

= 3 2
pO) = (167{)[1 +cos 0].

Equation 9 has been obtained, making some assump-
tions that need to be summarized and discussed. They,
enumerated in order of importance, are (1) the Rayleigh
scattering function for the SWCNH particles, (2) 3(a)
independent on the extinction coefficient (Equation 5),
(3) Pg =Pg;, (4) negligible effect of internal reflections,
(5) Seprs (Ol) <<1, and (6) g = & means(afar)~

As for hypothesis (1), the Rayleigh scattering is prob-
ably not strictly applicable to SWCNHs especially at
short wavelengths. Anyway, it should be noticed that
the Rayleigh scattering function is nearly isotropic, while
different scattering functions become more and more
forward-peaked as the size of particles increases. There-
fore, the value of 3(o) we obtained in hypothesis (1)
represents the lower limit, and the resulting value of the
scattering albedo can be overestimated, thus represent-
ing a higher limit for the albedo itself. To evaluate the
error due to this approximation, we calculated 3(o)
using the Mie scattering function for a graphite sphere
with a diameter of 100 nm immersed in water. The
values we obtained in this case both for 3(o,,) and 3
(Othear) Were 74%, 20%, and 9% higher than those of the

Rayleigh scattering at A = 350, 600, and 850 nm, respec-
tively. However, it should be noticed that actual nano-
particles, being aggregates of individual SWCNHs, are
strongly nonhomogeneous, and the Mie theory neither
is strictly applicable. Their morphology could suggest, as
for the light-particle interaction, a sort of effective
radius, smaller than the physical radius.

Assumption (2) has been evaluated comparing the
approximated values of 3() obtained from Equation 5
with the exact values obtained from Equation 4. Values
calculated with Equation 5 are independent on y, and
equal to 3(ot,,) = 0.00075 and S(Cpear) = 0.206. Equation
4 has been calculated for the six values of y. due to pro-
gressive addition of SWCNHs: results for 3(ayg,,) were
almost identical to the values obtained using Equation 5
in the calculation, while for 3(0tyea,), We obtained a
value range from 0.180 to 0.198 at A = 600 nm. In the
worst case, this difference could lead to relative errors
of 10% to 15% in the albedo, which is acceptable in the
framework of the proposed estimation method aimed to
assess a higher boundary.

Assumptions (3) and (4) have been investigated by
means of Monte Carlo simulations. We calculated the
transmittance for different values of 7, ranging from 0.2
to 2.5, using a code for photon migration through a
three-layer slab in which multiple scattering and internal
reflections are taken into account [16]. For the turbid
medium, we assumed the Rayleigh scattering function
and w = 0.1, and we considered the same geometry as
the experiment. The results do not differ if assumptions
either (3), (4), or both are made.

As for hypotheses (5) and (6), they do not appreciably
affect the results. In fact, numerical investigations
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showed that in all our experiments, g.pLwJ (o) was
always smaller than 0.025 (in fact, in writing
In[gepLoI (@) + 1] = gepLw () , we made the hypoth-
esis g.rLwS (o) << 1 and that the difference between &,
and €. meas(Ofar) Was smaller than 0.1%.

Results and discussion

The spectral extinction coefficient of an undiluted sus-
pension of SWCNHs is calculated for the two consid-
ered morphologies as described above. The results are
depicted in Figure 2a. In the same figure, we also show
(hollow square and hollow circle symbols) the values of
& previously measured at three fixed wavelengths with a
different experimental apparatus based on laser sources.
The details of the setup, method, and results are
reported elsewhere [12]. The agreement between spec-
trophotometric and monochromatic methods is very
good. From Figure 2a, we can note that for both suspen-
sions, the shorter is the wavelength, the higher is the
extinction coefficient, with a small difference between
the two considered morphologies.

The results for the albedo are reported in Figure 2b.
In the same figure, we also show the values obtained at
A =633, 751, and 833 nm with the different experimen-
tal techniques cited above (multidistance measurement
in an infinite diffusive medium [8,12]) for comparison.
Also, in the case of albedo, the agreement between the
two considered experimental methods is satisfactory,
taking into account that the spectrophotometric method
provides an upper limit for albedo within the Rayleigh
hypothesis as discussed. It should be emphasized that
the spectrophotometric and multidistance techniques
are completely different. The latter [17] consists of add-
ing small amounts of the suspension under investigation
to a previously calibrated diffusive medium and of
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performing, within the resulting liquid, multidistance
measurements of fluence rate at fixed distances from an
optical fiber radiating isotropically. This technique is
based on the solution of diffusion equation for an infi-
nite medium with known scattering properties, in which
a small amount of the medium under investigation is
introduced in several steps. On the contrary, the spec-
trophotometric technique needs no reference suspension
and no previous calibration even if it requires some
hypothesis about the scattering function.

The proposed technique could be of interest for all
applications requiring the characterization of light-scat-
tering properties of suspensions, like solar energy
exploitation and biological tissue optics. As for this lat-
ter application, the results of our investigations on
SWCNH suspensions show that they can be promising,
especially when they are compared to absorber materials
currently used in liquid phantoms, i.e., Indian inks [17].
It should be emphasized that literature values of scatter-
ing albedo for Indian inks at NIR wavelengths lie
between 10% and 16%. For this reason, the ink behavior
is far from that of an ideal absorber whose properties
are a high absorption coefficient and a 0% scattering. In
this framework, SWCNH-based nanofluids, thanks to
their low albedo values, have the potential to be an
excellent absorbing standard for biological tissue optics.

Conclusions

In this paper, a simple spectrophotometric method is
applied to the calculation of the spectral scattering
albedo of SWCNHSs. The results show a satisfactory
agreement with those obtained from monochromatic
measurements reported in the literature and performed
with a different technique. Thus, the present paper con-
firms that SWCNHs have a very low scattering albedo
(not higher than 5% for red and NIR wavelengths) as

20
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bud-like SWCNH morphologies, respectively.

Figure 2 Spectral extinction coefficient (a) and fitted albedo values (b), with error bars (gray bars). Hollow squares (B) and hollow circles
(D) in both images show the results of monochromatic measurements performed with the multidistance method. D and B label dahlia-like and
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compared to Indian inks (about 10% to 16% scattering).
Moreover, the scattering behavior of SWCNHs shows
little dependence on the nanohorn morphology (dahlia-
like or bud-like). These results are very interesting to
assess the SWCNH potential in different applications,
like for example, their use as absorbing standard in bio-
logical tissue-simulating phantoms, for the calibration of
noninvasive diagnostic optical devices. Moreover,
SWCNH suspensions show good stability properties as
confirmed by preliminary measurements we performed
over a period of 1 year.
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