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Gold-palladium alloy nanoparticles decorated on nitrogen-doped carbon nano-
tubes (Au-Pd/N-CNT) were prepared by using polyethylene imine reduction meth-
od. Polyethylene acts as not only a stabilizing agent, but also a reducing agent,
leading to nucleation and growth of nanoparticles on the N-CNT surfaces. All the
N-CNT-based nanofluids show broadband absorption across the visible region and
near infrared region. The Au-Pd/N-CNT nanofluids absorb more solar irradiation
compared with monometallic Pd/N-CNT or Au/N-CNT nanofluid. The photo-ther-
mal conversion efficiency of Au-Pd/N-CNT nanofluids is 62.3%, compared with
53.3% and 57% for Pd/N-CNT and Au/N-CNT, respectively. This enhancement
was mainly due to the synergetic effects of N-CNT and Au-Pd alloy nanoparticles.
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Introduction

Efficient solar-to-chemical energy conversion is particularly fascinating since the
Sun is a promising, clean and abundant source of renewable energy source [1]. Solar energy
utilization technologies have been focus on photo-thermal, photo-voltaic, and photo-chemical
fields. Photo-thermal utilization can been applied in many areas, such as water heating, power
generation, and some other industrial processes [2, 3]. In order to overcome the low efficiency
caused by heating the whole fluid volume in photo-thermal conversion, the idea of nanofluids
was proposed and first used by Choi [4, 5].

In recent years, a new concept of plasmonic nanofuids based on localized surface
plasmon resonance (LSPR) metal nanoparticles (NP) such as Au, Ag, and Cu and the use of
nanofuids has been proposed, which arouse the interests of many researchers in an area of Sun
to heat conversion [6, 7]. The light absorption of plasmonic metallic NP originates from a col-
lective oscillation of the conduction electrons, which can significantly enhance the light absorp-
tion and scattering [8, 9]. For example, the absorption properties of TiO,/Ag nanoparticle due to
the LSPR effect excited on the Ag surface were examined and revealed for their application in
solar energy harvesting reported by Xuan ez a/ [10]. The He's group in Chen et al. [11] reported
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that Au NP even at a very low concentration were effective for the solar light absorption. How-
ever, plasmonic NP with a single component are inclined to aggregate into less active sites after
a long-time irradiation, which will weaken the light absorption gradually.

The Au-Pd alloy NP have been reported to effectively driven various reactions by the
visible light, including the electrooxidation of methanol and formic acid, Suzuki-Miyaura cross
coupling, oxidative addition of benzylamine, selective oxidation of aromatic alcohols, and etc.
[12-15]. The Au-Pd NP-rGO (reduced graphene oxide) nanocomposite was reported to be a
superior photo-thermal agent against cancer HeLa cells in comparison to monometallic Au and
Pd NP counter parts [16]. Motivated by the previous results, it is anticipated that the Au-Pd
alloy NP will exhibit better photo-thermal conversion than that of monometallic Pd or Au NP.

Furthermore, in comparison with pure plasmonic NP, the supported plasmonic NP
have many advantages, which can not only enhance light absorption, but also separate from the
fluids easily. So seeking for appropriate supported LSPR NP nanofluids is significant for the
utilization of solar energy.

Carbon nanotubes are reported to be effective solar absorbers because of their high
spectral absorptivity over the entire solar range [17]. The main difficulty in the large-scale
use of carbon nanotubes nanofluids is the stability of the NP in suspension [18, 19]. It seems
that nitrogen doping is an effective approach to improve the stability and dispersion of carbon
nanotubes [20, 21]. Furthermore, chemical active sites induced by nitrogen atoms are favorable
for the metal or metal oxide to anchor [22, 23]. So if the advantages of nitrogen doped carbon
nanotubes and the Au-Pd alloy plasmonic NP can be combined together, the solar light absorp-
tion may be excellent. Inspired by these facts, we report a facile process to prepare Au-Pd NP
supported on nitrogen-doped carbon nanotubes, which exhibits higher photo-thermal efficiency
than that of pure nitrogen-doped carbon nanotubes and monometallic Pd or Au NP/N-CNTS
under solar irradiation.

Experimental
Synthesis of N-CNT

All chemicals in the present work were purchased from Sinopharm Chemical Reagent
Co. Ltd. Shanghai, China, and were used as received without further purification. The N-CNT
were synthesized by a chemical vapor deposition according to our previous paper [21].

Synthesis of Au-Pd/N-CNT

The 15 wt.% Au-Pd/N-CNT nanofluids were prepared by polyethylene imine (PEI)
reduction method. Typically, 0.2 g N-CNT powder were initially dispersed in 50-150 mL
Imol/L PEI solution by sonication for 30 min, then 13.2 mL 0.01 M HAuCl, and 3.76 mL 0.01
M H,PdCl, aqueous solution were then added with vigorous stirring for 2 hour, then the solid
was separated, washed with water and ethanol, and dried vacuum at 60 °C. For comparison,
monometallic PdA/N-CNT and Au/N-CNT with the same loadings were also prepared using the
similar procedures. All the nanofluids with the same concentration were dispersed in ethylene
glycol (EG) by sonication for 30 min.

Characterization

The X-ray diffraction (XRD) patterns of the products were collected on a Bruker D8
ADVANCE instrument with Cu-Ka radiation (A = 1.5418 A). The X-ray photoelectronspectros-
copy (XPS) analysis were recorded on an Axis Ultra DLD instrument from Kratos, UK, using
an Al Ka X-ray radiation source at a power of 300 W. Scanning electron microscopy (SEM)
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was carried out on Hitachi S-4800 with an acceleration voltage of 5 kV. Transmission electron
microscopy (TEM) was performed on JEOL-JEM-1005 at 200 kV equipped with an energy
dispersive X-ray (EDX) spectroscope. The specimens for TEM were prepared by suspending
solid samples in ethanol with 15 min ultrasonication and placing a drop of this mixture on a
3.05 mm diameter copper mesh, which was then dried in air. Ultraviolet-visible-near infrared
(UV-Vis-NIR) spectra of the NP and nanofluids were recorded on a Lambda 750 seconds spec-
trophotometer at room temperature.

Fvaluation of the photo-thermal conversion properties

Graphic description of the photo-thermal conversion experimental system is shown
and depicted in our previous paper [24]. Determination of the solar thermal utilization efficiency
n is according to Chen et al. [25], that is n = Ongs/ o4, Where [, is incident irradiance (1050W
m~ in the current work) and A4 is the exposure area (4 cm? in the current work). The QOuys is
the heat generation of the nanofluids, so the utilization efficiency 5 = (To-T0)mecCrcB /AL,
the constant B can be determined by plotting In[7{(#)-7,]/(Te-10)] vs. time, ¢. In these two equa-
tions, mgg and Cgg is the mass and heat capacity components of the EG, respectively, T is the
temperature, and ¢ is time. The T, is the equilibrium temperature, 7, is the ambient temperature.

Results and discussion
Characterization of Au-Pd/N-CNT

Figures 1(a)-1(c) show SEM images of

bare N-CNT, fig. 1(a), and Au-Pd/N-CNT nano-
composites prepared with different PEI ratios.
The results indicate that NP decorating on the
surface of the N-CNT depends greatly on the PEI
amount. There are scattered NP at PEI/NP = 50,
fig. 1(b). Some NP aggregate in the solution
with a small portion of NP deposited on N-CNT.
When the PEI/NP ratio is 150, the size of NP on
thesurface of N-CNT is large. When the PEI/NP
ratio is 100, the coverage of NP over the N-CNT
surface is complete and uniform, suggesting that
NP supported on N-CNT can be realized at an ~ Figure l-oThe SEM images of (a) bare N-CNT
an optimum PEI/NP ratio of 100. In this system, inl(is(sl.;vt('cf’l,‘;';l:gg;lc=NlT0X lltha(l:)(; ::gll;]g;?tal
PEI acts as not only a stabilizing agent, but also  etal = 50:1 o )
a reducing agent, which could lead to uniform
nucleation and growth of NP on the N-CNT
surfaces. Low amount of PEI is insufficient for
protecting or reducing the Pd(II) or Au(III) ions,
leading to NP aggregates in the solution. Large
amount of PEI would accelerate the reducing
rate of PA(II) or Au(Ill) ions, thus the nucleation
growth rate is faster than nucleation itself, lead-
ing to uneven and large nanoparticles. - : - - -

Figure 2 shows the XRD pattern of Au- 20 30 40 20 60 2Th7 Sta el 80
Pd/N-CNT composite. From the figure, we can  Figure 2. The XRD patterns of (a) 10 wt.% Au-
see the peak at 26.1° attribute to the (002) plane  Pd/N-CNT, and (b) 15 wt.% Au-Pd/ N-CNT

C(002)  Au(111)

Intensity [a.u.]

Au(220) Au(311)
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of graphite in the N-CNT. Each XRD pattern showed four well resolved diffractions due to (111),
(200), (220), and (311) diffractions of the face-centered cubic (fcc) structure of metallic Au and/or
Pd, showing the existence of gold or Pd NP in the composite. The Pd peak is not obvious, which
may due to that the Pd diffraction is overlapped with Au diffraction, because the Pd loading weight
is much lower than the Au content.

- Figure 3 shows the TEM imag-
es of the bare N-CNT and the 15 wt.%
Au-Pd/N-CNT composite. The N-CNT
is composed of individual nanobamboo
stacked together to form the long nano-
fibers with a clear, smooth surface. It is
clearly observed that for Au-Pd/N-CNT,
the surface of the bamboo-like morpholo-
gy of N-CNT is entirely covered by Au or
‘ o @ Pd NP, figs. 3(b) and 3(c). The diameters

L A of Au or Pd NP were in the range of 15-30

A nm. The EDX further confirms the pres-

ence of Au and Pd In the Au-Pd/N-CNT

Au nanocomposites, fig. 3(d). The Cu signal
originates from the copper mesh.

The atomic Au/Pd ratios detect-

P2 s e eien . ed from XPS are 8.07 for the samples,

(b)«

Figure 3. The TEM images of (a) bare N-CNT, (b) suggesting that the surfaces of the Au-
low-magnification TEM image, (c) high-magnification =~ Pd/N-CNT samples are enriched with
TEM image, and (d) EDS spectrum of 15 wt.% Au- Au. The binding energies at 84.0 and
Pd/N-CNT 87.6 eV are ascribed to Au 4f 7/2 and Au

4f 5/2, respectively, which are consistent with zerovalent Au [26], fig. 4(a). The XPS peaks of
Pd NP is not very obvious due to its low mass loadings. But it still can be seen that the binding
energies at 340.9 and 335.5 eV are assigned to Pd 3d 3/2 and Pd 3d 5/2, respectively, fig. 4(b).
These results confirmed that the Au-Pd alloy NP are supported on the surface of N-CNT.

The optical properties of Au-Pd/N-CNT nanofluids

The optical properties of the nanofluids have significant effect on the solar photo-
thermal conversion. So the optical absorbance of different nanofluids was measured using a
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Figure 4. The XPS spectra of (a) Au 4f, and (b) Pd 3d regions for 15 wt.% Au-Pd/N-CNT
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UV-Vis-NIR spectrum, which is shown in fig. 5(a). Compared with base EG liquid, all N-CNT-
based nanofluids show a broadband absorption across the visible region and near-infrared re-
gion, as also found for multi-walled carbon nanotubes [27], which can be attributed to 1-D van
Hove singularities [19]. It was actually observed that the transmittance decreased in the order
EG < N-CNT < Pd/N-CNT << Au/N-CNT << Au-Pd/N-CNT.Furthermore, thereisnoobvious
Au or Pd NP absorption peak due to the strong adsorption of carbon nanotubes.
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Figure 5. The UV-Vis-NIR spectra (a) and the extinction coefficients of EG and different N-CNT-based
nanofluids (b)

According to the relationship between the absorbance and the concentra-
tion by the Beer-Lambert law, extinction coefficient a(4) can be calculated according to
T(4) = exp[—a(A)L] where L is the length of light crossing and it is 10 mm, 7(4) is transmittance
coefficient. The extinction coefficient of N-CNT-based nanofluids is shown in fig. 5(b).

The Au-Pd/N-CNT nanofluids give the highest a(4) in the solar illumination region
reasonably, indicating the highest absorption of solar illumination among N-CNT, Au/N-CNT,
and Pd/N-CNT nanofluids.

According to the extinction coefficient of the nanofluids, a solar spectrum-weighted
stored energy fraction, 4,,, can be calculated from Drotning [28]:
A
j I(A)1-e“P1yda

.

j I1(A)da

ﬂ‘min
where 7 (1) is the spectral solar irradiance, a(1) — the absorption coefficient, and / — the penetra-
tion distance. The term I(2)(1 — e**!) in the equation represents the solar energy absorbed by
nanofluids at a penetration distance of | cm and a given wave length of 4. In comparison with
base EG fluid, the curves of I(A)(1 — e®") for all the N-CNT-based nanofluids come close to the
curve of the spectral solar irradiance /(1) (ASTM G173-03 AM 1.5 Global). The nearer to /(1),
the more solar irradiation absorbed by the nanofluids. So the Au-Pd/N-CNT nanofluids may
absorb the most solar irradiation among these nanofluids.

After integrating I(2)(1 — ¢*®") and I (1) in fig. 6(a), 4,, of the nanofluids can be de-
termined from the previous equation using a base fluid EG as a reference, which is shown in
fig. 6(b). The penetration distance affect the 4,, of the nanofluids obviously. The 4,, increased
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rapidly with the penetration distance at the beginning, and then slowed down as the penetration
distance increase gradually. The 4,, reached 79.7% and 60.4% at the penetration distance of 1
cm for Au-Pd/N-CNT nanofluids and N-CNT, respectively, and finally about 90% at 2 cm for
all the N-CNT-based nanofluids. With the same 4,,, the penetration distance decrease in the
order EG>N-CNT>Pd/N-CNT>Au/N-CNT>Au-Pd/N-CNT.
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Figure 6. Spectral irradiance ASTM G173-03 and the term I(A)(1-e¢“®") (a) dependence of 4,, and
penetration distance of of EG and different N-CNT based nanofluids (b)

Photo-thermal conversion properties of N-CNT-based nanofluids

The different N-CNT-based nanofluids were irradiated by a simulated solar light un-
der a solar flux of 1050 W/m?. The irradiation time had a great effect on the temperature rise.
The temperature increased rapidly with the irradiation time at the beginning, and then slowed
down as the heat dissipation played the major role. Then the temperature reached an equilibri-
um value for 10800 s at which the heat dissipation rate is equal to the heat generation rate. After
that the solar simulator was shut down and the nanofluids were cooled to the ambient tempera-
ture. The curves of the temperature change of the nanofluids were presented in fig. 7(a). It was
actually observed that temperature rise of nanofluids obviously decreased in the order EG <
N-CNT < Pd/N-CNT < Au/N-CNT < Au-Pd/N-CNT, which is consistent with the optical absor-
bance. The maximal temperature rise could reach 43.5 °C for Au-Pd/N-CNT nanofluids, while
36.6 °C and 31.8 °C for N-CNTs and EG, respectively. It is worth noting that the temperature
increment of Au-Pd/N-CNT nanofluids is more obvious than that of monometallic Pd/N-CNT
or Au/N-CNT.
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Figure 7. Temperature rise; (a) EG and different N-CN'T-based nanofluids, (b) the plotting of
In (AT/AT,) vs. time ¢ in the cooling stage, and (c) the solar utilization efficiencies of EG
and different N-CNT-based nanofluids
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The photo-thermal conversion efficiency of the nanofluids is shown in fig. 7(c), the
quantification is according to the method [24, 25]. Firstly, the constant B is determined by plot-
ting In[7(#)-To]/ (Teq-To)] vs. time ¢, which is presented in fig. 7(b). The constant B is 6.29-10~
s'in our current experimental system, then the efficiency can be obtained accordingly. The
efficiency of base fluid EG is 46.3%, which is lower than N-CNT-based fluids. It was clearly ob-
served that the efficiency increased in the order of Au-Pd/N-CNT > Au/N-CNT > Pd/N-CNT,
with the same tendency as the solar spectrum-weighted stored energy fraction.

Conclusion

In summary, Au-Pd alloy NP have been decorated successfully on the N-CNT surfac-
es using a PEI reduction method. The optical properties of N-CNT-based fluids were investigat-
ed in detail. The photo-thermal conversion efficiency of Au-Pd/N-CNT nanofluids is superior
to that of monometallic Pd/N-CNT and Au/N-CNT nanofluids, with the same tendency as
the solar weighted absorption fractions. Further investigation on the optical and photo-thermal
conversion properties of Au-Pd alloy nanofluids with different ratios and different shapes is
underway.
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