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ARTICLE INFO ABSTRACT

Keywords: Carbon-based nanostructures are extensively employed as solid additives in nanofluids or polymer matrices
Carbon nanotubes for applications in light harvesting, energy conversion and storage. To predict heat transfer in carbon-
Water . based nanostructures, a quantitative comprehension of thermal energy exchanges at the interface with their
Thermal Boundary Resistance external environment is crucial. The Thermal Boundary Resistance (TBR) stands out as a key parameter
Nanofluids . . . . . . . .

Heat transfer hindering efficient thermal energy exchanges between nano-objects and their surroundings. In this work

we experimentally determine the TBR for the archetypal case of an interface between multi-wall carbon
nanotubes (CNTs) and water. Ultrafast energy exchanges are investigated using femtosecond time-resolved
optical spectroscopy. Data rationalization via a thermo-optical model allows retrieval of a CNT/water interface
TBR of (4.6 + 2.2)x10~® m?K/W. This value constitutes a benchmark for theories aimed at understanding
energy transfer between a CNT and water. Notably, the functionalization of the surface of CNTs with
covalent groups has been demonstrated to reduce the TBR and facilitate solid-liquid heat exchanges. The
measurement and analysis protocol developed in this study is versatile and can be applied to any nanofluid
and nanocomposite material.

Time-resolved spectroscopy

1. Introduction heat transfer, the issue being particularly critical for nanofluids with
high density of nanoparticles.

Carbon nanotubes (CNTs) are extensively employed for mechanical However, retrieval of the TBR from static measurements is chal-
and thermal optimization of composite materials [1-5]. Dispersed in
water they can give rise to improved coolant fluids for heat exchang-
ers [6]. Superfast water flow inside CNTs [7] makes them apt for
wastewater disinfection treatment [8], desalination membranes [9] and
water transport control [10,11], while their large surface over volume
ratio opens the way to their use as nanosized heat sinks [12,13]. Due
to their broad optical absorption spectrum, CNTs in water are also
preferred to metal nanoparticles as photothermal agents in applications
requiring large energy absorption in nanoscale volumes [14] and are
potential candidates for photoacoustic applications [15]. In all these

lenging, since they introduce spurious contact resistances that add in
series to the TBR and are of the same order of magnitude [17]. Ultrafast
time-resolved optical spectroscopy — a far-field, low perturbation, non
contact technique — emerges as a viable alternative to access nanoscale
heat transfer [18-28]. A key issue though stands in the interpretation
of the transient optical signals, which are not necessarily proportional
to the temperature of the excited nano-objects and may be strongly in-
fluenced by the temperature dynamics of the environment [25-28]. On
the chemistry side, hydrophobicity of bare CNTs makes them unstable

scenarios, it is crucial to regulate the rate of heat transfer at the
CNT/water interface. This rate is governed by the Thermal Boundary
Resistance (TBR), also referred to as Kapitza resistance [16]. This resis-
tance arises from the mismatch in atomic positions on both sides of the
interface, combined with variations in the elastic properties of the two
materials. The TBR stands out among the limiting factors in nanofluids
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in water, with a tendency to agglomerate into bundles which precip-
itate [29,30]. To overcome this issue, surfactants are frequently used
for CNT stabilization in water. However, they modify the interface,
hence the energy flux across it, ultimately affecting the TBR [31]. Due
to the above-mentioned difficulties, heat transfer between bare CNTs
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Fig. 1. (a) Top: outline of the setup for ultrafast spectroscopy, with red pump pulses, which photoexcite a solution containing CNTs dispersed in water, and green probe pulses
with a controlled time delay (4r), detected with a photodiode and a lock-in amplifier. Bottom: representation of a multi-wall CNT in water and zoom on its surface partially
covered by -OH groups covalently bound to C atoms. (b) Relative differential transmission variation ATr/Tr of the two samples in solution as a function of pump-probe delay 4t,
with pump and probe wavelength 1,, = 800 nm and 4,, = 530 nm respectively. Insets: samples dimensions and -OH coverage fraction a.

(or graphene) and water have mostly been investigated theoretically
via molecular dynamics simulations (MD) [32-38].

We here report on the first experimental determination of the TBR
at the interface between bare CNTs and water using optical ultra-
fast spectroscopy. The strategy employed for retrieving the TBR at
the bare carbon/water interface consists in investigating two different
samples of water-dispersed multi-wall CNTs, both partially covered by
covalently bound -OH functional groups so as to avoid CNTs aggre-
gation. Two different surface coverage fractions « are used, with a
defined as the ratio between the number of carbon atoms bonded to
-OH groups over the total number of carbon atoms composing the
external CNT surface. CNT surface modification by functional groups
is indeed expected to have a significant impact on the heat transfer
at the interface [39-42]. For each of the two coverage fractions, we
experimentally retrieve an effective TBR. This is extracted by fitting the
time-resolved optical traces with a full thermo-optical model which
accounts for thermal and optical dynamics of both the CNTs and the
environment. The effective TBR is the parallel resistance between the
TBR at the surface portion covered by -OH groups (CNT-OH/water
interface, surface coverage fraction a), noted Renr.on/m, o0, and the TBR
at the surface portion where C atoms are in direct contact with water
molecules (CNT/water interface, surface coverage fraction 1—a), noted
Rent/m,0- By measuring the effective TBR in the two samples with
different surface coverage fraction we extract the TBR at both bare
CNT/water and CNT-OH/water interfaces.

2. Experimental methods

The two investigated multi-wall CNTs samples are sample 1, with
outer diameter D; = (15 + 5) nm, inner diameter (7.5 + 2.5) nm, and
a; = 17 = 1% and sample 2, with outer diameter D, = (40 = 10) nm,
inner diameter (8.5 +2.5) nm and a, =44 + 2%. All CNTs have ~1-um
length and are supplied as powders, which are dispersed in ultrapure
water until optimal concentration for optical investigations is reached
(optical density from 0.5 to 1 in a 1-mm optical path cuvette, which
corresponds to a CNT concentration neyp ~ 108 mm™3).

Fig. la schematizes the ultrafast time-resolved technique and the
layout of the investigated samples. A first laser pulse (pump) is used to
impulsively excite the solution containing CNTs. A second time-delayed
laser pulse (probe) allows to measure the transient variations of the
sample optical absorption. We used an amplified Ti:Sa femtosecond

laser, with 250 kHz repetition rate, and 400-850 nm wavelength
tunability by combination with an optical parameter amplifier. At
the sample, pump pulses have a fluence around ~5 mJ/cm? and a
diameter ~30 pm. We experimentally access the variation of the relative
optical transmission ATr/Tr of the solutions containing the CNTs as a
function of the pump-probe delay At, as shown in Fig. 1b. Transient
optical signals are the result of a sudden electron out-of-equilibrium
excitation triggered by the pump pulse, which is followed by charge
carrier relaxation by internal thermalization and electron energy loss
to the lattice. These processes occur in the first few picoseconds and
have been extensively investigated both in bulk [43,44] and nanoscale
systems [18,45-48]. Also in the present case, these ultrashort dynamics
occur within the first few picoseconds (Fig. 1b) and will not be further
addressed. We pinpoint that water is transparent at the pump and probe
laser wavelengths.

3. Results and discussion

For our purposes, we will focus beyond the few picosecond
timescale. After a few picoseconds a thermodynamic temperature is in-
deed defined for the CNT as a whole [19-22,24-28,49]. Subsequently,
the CNT temperature decreases, heat being transferred to water. On
both samples the signals show two relaxation dynamics. A first decay,
from negative to positive ATr/Tr values, occurs in the first hundreds
of picoseconds; a second decay brings the signal back to equilibrium
on the few nanoseconds timescale. Interestingly, the ATr/Tr signal
contributions from the two relaxation dynamics have opposite signs,
mostly negative for the first decay and positive for the second one.
A biexponential fit yields two different relaxation time-constants for
the first decay : 7,; ~ 100 ps and 7, ~ 200 ps for samples 1 and 2,
respectively.

Often the decay time in the time-resolved signals is qualitatively
related to the thermal problem adopting a lumped thermal model [50,
51], which assumes that the environment, i.e. water, remains isother-
mal during the CNT cooling process, and ATr/Tr is proportional to the
nano-object, i.e. the CNT, temperature only. For the case of a carbon-
filled CNT, this line of thought leads to a single decay time r = R - ¢ -
V' /S [19], where R is the value of the TBR, ¢ the CNT specific heat, V'
the volume and S the external surface of the CNT. Although appealing
for the vivid physical picture it yields, the above mentioned expression
is not applicable in the present setting. Regarding the thermics, water
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Fig. 2. (a) Time-resolved relative transmission change (black line) from sample 2 with 800 nm pump and 530 nm probe pulses (same as in Fig. 1b), and signal computed using
the thermo-optical model (dashed orange line) with a TBR value R, = 1.3 x 10~ m?> K/W. Red and blue lines: contributions of CNT and water temperature dynamics respectively
to the modeled optical signal. (b) Simulated signals with different values of TBR (lines from yellow to orange) superposed to the experimental trace.

does not maintain a uniform temperature throughout the CNT cooling
process. On the optical side, ATr/Tr is not ruled by the CNT temperature
dynamics only, as clearly indicated by the two exponential dynamics.
Hence, in order to precisely extract the TBR, a complete thermo-optical
model is here developed.

The model reproduces both (1) the temperature dynamics of the
CNT and its surroundings and (2) the induced transient variations of
the optical signals, to be compared against experiments [25,26]. The
model, solved numerically by Finite Element Method (FEM) [27,28], is
as follows. In the case of identical and equally-oriented CNTs, the op-
tical time-resolved signal reads ATr/Tr(Ap., At) = —neNLAGey (Ap,, A1),
with Ay, the wavelength of the probe pulse, L the optical path within the
cuvette where the pump and probe beams intersect, ncyr the number
density of CNTs in the sample and 4o, the photo-induced variation of
the optical extinction (accounting for both absorption and scattering)
cross-section of a single CNT [18]. Ao, depends on the properties of
both the nano-object and its local environment, namely: (1) tempera-
ture variation of CNTs, which modifies the real and imaginary dielectric
permittivities, 4de; and Ae,, respectively, [25] and (2) temperature
dynamics of water refractive index, through the real water permittiv-
ity Ae,, its imaginary part being negligible within our wavelengths
range. Acey(Apr, At) is thus a function of Ae, (A, 4t), Ae,(Ap, 4t) and
Aey,(Apy, AV), their contributions depending on the particle composition,
morphology and orientation with respect to light polarization [18,26,
52].

Throughout the modeling, uniform excitation and probing of all
CNTs are assumed, as the laser spot size is around 30 pm, i.e. well in
excess of the CNT length ~1 pm. Only thermal transfer in the radial
direction is considered, as the CNTs length is much higher than their
diameter. Thermal cross-talk among different CNTs is neglected. In fact,
the thermal diffusion length out of the CNTs, within the maximum
measurement time delay 7., = 4 ns, is /Dty,, ~ 20 nm (with
D water thermal diffusivity), much shorter than CNTs interdistance
~2 pm. Cumulative excitation effects are ignored as the delay (4 ps)
between subsequent pulses is much longer than CNT cooling dynamics.
Solution of the thermo-optical model is based on three successive steps.
(1) FEM computations of the diameter-dependent optical absorption
Cross section ogps(App,) per unit length of a CNT, with 4,, the pump-
beam wavelength. Note that the model accounts for the random CNT
orientation with respect to the pump light polarization [52]. Computa-
tion of o,ps(4pp) requires input of the wavelength-dependent dielectric
permittivities e; 5,(4p,) [53] at room temperature, and leads to the
estimation of the orientation-dependent pump-induced initial temper-
ature increase of the CNT [18], here up to a few hundred Kelvin [15].
(2) Computation of the full temperature dynamics of both CNT and
surrounding water, ATqny(4f) and AT, (4t,r) respectively [25,26,54],

where r is the distance from the nanotube axis. This entails two factors:
Fourier heat diffusion within CNTs and within water, as well as the
TBR at the interface between CNTs and water. The temperature inside
the CNT is almost uniform, due to its high thermal conductivity, and it
monotonically decreases while transferring heat to water. The tempera-
ture of the water outside CNTs increases accordingly and subsequently
returns to equilibrium [25,26]. The water contained inside the CNT
reaches the temperature of the CNTs within a few tens of picoseconds
and remains thermally linked to the CNTs thereafter [15]. Note that
TBR value at the internal interface has negligible influence on the
thermal dynamics of the CNTs. The value of the TBR at the external
interface, which is the free parameter to be determined by fitting the
experimental signals, as well as the specific heats and thermal conduc-
tivities of CNT (considered equivalent to that of bulk graphite) and
water, which are known, completely fix these thermal dynamics. (3)
By introducing the thermal dependence of carbon and water dielectric
permittivities €; 5, [53,55-571], we can estimate their time and spatial
dependence. This leads to the complete determination of Aoy (4y, 41),
after averaging the optical signals over all the CNT orientations. Com-
paring Acey (4o, A) to the experimental ATr/Tr(4,,At) enables the
extraction of the TBR, which, aside from an amplitude factor, represents
the sole free parameter within the model.

Superposition of the experimental signal from sample 2 and the
modeled one (upon insertion of the optimal TBR fitting value), is shown
in Fig. 2a (dashed line), after multiplication of the simulated Ao, (At)
trace by a negative amplitude factor (corresponding to —ngyrL) for
comparison with the experimental ATr/Tr. The two contributions of
CNT and water temperature dynamics to the optical signal, Ay onT
and Aoy ., respectively, are also shown individually (red and blue
lines respectively).! Aoy cnr(4t) is proportional to ATcyr(4t) and de-
cays monotonically, reflecting CNT cooling to equilibrium after the ini-
tial photoinduced heating. The dependence of Aoy, (4t) on AT, (4t,r)
is intricate, given that water temperature varies not only with time but
also spatially. Aoy, ,,(At) shows indeed a more complex profile, with
an initial increase, which is due to proximal water heating by the heat
transferred from the CNT, and subsequent cooling to equilibrium, by
heat diffusion to the water volume far from the CNT. This analysis
demonstrates the necessity of considering water temperature dynamics
to accurately replicate the transient optical response of the system,
despite water being non-absorbing in the visible spectrum. Heating of

! The individual contribution of the CNT (water) temperature dynamics to
the optical signal, Aceycnr (A0eyy), is calculated imposing a temperature-
independent water dielectric function e, (temperature-independent CNT
dielectric function ¢, and ¢,).
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water induces a modification of 4e,, (41, r) and modifies, by a local envi-
ronment refractive index effect, the optical extinction of the absorbing
CNT [25,26]. Incorporating water dynamics is crucial for achieving an
accurate fit of the CNT cooling dynamics and obtaining a quantitative
estimation of the CNT/water TBR.

Initially, at At = 0, the contribution from water is negligible since
only the temperature of the CNT is directly influenced by the excitation.
The optical response is impacted by the CNT contribution (red line)
for short delays, while the latter becomes negligible for longer delays.
Variations in the TBR are thus expected to primarily affect the signal on
the short timescale. We systematically simulated time-resolved signals
spanning over several values of TBR (Fig. 2b). The best fitted TBR
values are R; = (2.3 +£0.2) x 108 m? K/W and R, = (1.3 + 0.2) X
10~ m? K/W for sample 1 and 2, respectively.

For the relatively large CNT sizes considered here, the nano-object
curvature is not supposed to affect the TBR, as supported by predictions
from MD simulations [34,58,59]. The difference in the TBR between the
two samples cannot thus be explained by their different diameters and
is attributed to the different -OH coverage of the two samples. For a
fixed value of a, the total heat flux from the CNT to water is given by
the weighted sum of the heat flux across the CNT-OH/water (surface
coverage «a) and that across the CNT/water (surface coverage 1 — @)
interface. The effective TBR is hence the equivalent thermal resistance
of Renroon/m,o (with weight a) in parallel with Reyr/m,o (with weight
1 — ), refer to inset of Fig. 3. The effective TBRs in the two measured
samples thus read:

1 1-a a

Ri  Rentmyo  Rentoomm,o
1 l—a, 4]

€]

R,  Rentmo  Rent-om/m,o

Solving the system of two equations for the two unknowns we obtain
Rent/ipo = (4.6 +22) x 1078 m? K/W and Renrommo = (07 +
0.2) x 1078 m*> K/W. Representation of the two experimental values of
thermal conductance as a function of the -OH functionalization fraction
a (Fig. 3) allows to directly visualize the two asymptotic values and
their error bars.

TBR values, numerically computed by Molecular Dynamics on
carbon-based materials in water, span from 1.2 to 35 x 1078 m? K/W
[15,33,34,38,60,61]. The wide range observed is attributed to the in-
herent variability in molecular dynamics (MD) computations, including
the selection of specific force-field potentials and the methodology
used to extract the Thermal Boundary Resistance (TBR) from a set of
equilibrium or out-of-equilibrium MD simulations [38]. This further
calls for an experimental value of the TBR against which any theoretical
value could be benchmarked. The value Renrmyo = (46 £ 2.2) X
10~ m? K/W we report here serves the scope.

As evidenced in Fig. 3, CNT functionalization with -OH reduces
the value of the TBR, ie. it accelerates interfacial thermal transport
due to a graded acoustic impedance mismatch across the interface.
Elastic properties of the -OH interfacial layer are indeed intermediate
between the ones of CNTs and of water [40]. Similar trends have
been theoretically predicted by MD for functionalized graphene sheets
immersed in water [40], paraffin [39], and oil [62].

4. Conclusions

To summarize, we established the experimental value of the TBR
at the bare CNT/water interface merging ultrafast time-resolved spec-
troscopy, a full thermo-optical FEM model and performing measure-
ments on two samples of multi-wall CNTs with different surface cov-
erage fractions by -OH groups. The TBR value bears great relevance
as it will allow to make predictions on the effective thermal resistivity
of nanofluids based on water and with carbon-based nanofillers. This
holds crucial importance across a spectrum of energy-related applica-
tions, spanning from solar energy harvesting and energy conversion
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Fig. 3. Experimental values of Thermal Boundary Conductance (black dots) in samples
1 and 2 are used to retrieve the values of Renyym,0 and Renron/m,o (Plue dots) which
correspond to an interface entirely free (a = 0%) or fully covered by -OH groups
(a = 100%) respectively. Red line is a linear fit to experimental data (see main text for
the procedure for Reyy/i,0 and Renron/m,o €xXtraction). In the inset, representation as
a function of two thermal resistances in parallel between CNT surface (left) and water
(right).

to storage and desalination. From a fundamental scientific perspective,
the value reported here serves as a benchmark for theories aiming to
rationalize heat transfer at the interface between carbon nanotubes
and water. Furthermore, our findings demonstrate that the effective
TBR can be adjusted by varying the concentration of -OH groups.
The protocol outlined in this study is highly versatile and can be
readily applied to any nanofluid and solid nanocomposite beyond those
composed of water and/or CNTs, thereby extending the impact of
these findings to energy transfer in nanofluids and nanocomposite
materials on a wide scale. Specifically, the investigations detailed here
are being expanded to include MWCNTs in different environments, such
as ethanol, aqueous solutions with varying pOH levels, and polymeric
matrices.
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