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A B S T R A C T   

Using high-entropy alloy nanoparticles (HEA NPs) composed of five platinum-group metals (5PGM), Ru, Rh, Pd, 
Ir, and Pt, as catalysts, we succeeded in growing single-walled carbon nanotubes (SWCNTs) via chemical vapor 
deposition (CVD). After CVD growth with C2H2 feedstock at 750 ℃ for 10 min, high-density SWCNTs were grown 
from 5PGM HEA NPs. The diameters of most SWCNTs were in the range of 0.83–1.1 nm, exhibiting the growth of 
small-diameter SWCNTs. Compared with monometal PGM catalysts, the SWCNT yield with the 5PGM HEA NP 
catalysts was much higher and was compatible even with those with Fe and Co.   

1. Introduction 

Recently, high-entropy alloys (HEAs), which are solid solutions 
consisting of five or more elements in an approximately equal atomic 
ratio [1–3], have attracted tremendous attention in various fields 
because of their specific properties such as high hardness and strength 
and high thermal and chemical stabilities. In addition, compared to 
conventional monometals and binary alloys, HEAs exhibit unique sur
face and electronic structures because all surface atoms have different 
configurations with specific local electronic structures. Such a complex 
surface structure composed of random multi-element mixing contains 
diverse active sites for various catalytic reactions [4]. Notably, in the 
past few years, the catalytic properties of HEA nanoparticles (NPs) have 
been extensively investigated. Yao et al. reported that RuRhPdPtCe and 
RuRhIrCoNi HEA NPs showed high activity in NH3 oxidation and NH3 
decomposition, respectively [5,6]. Loffler et al. observed that CrMnFe
CoNi NPs exhibit high activity in oxygen reduction reaction (ORR) [7]. 
Recently, Kitagawa et al. successfully synthesized HEA NPs composed of 
platinum group metals (PGMs) [8–13], and observed that RuRhPdOsIrPt 
catalyzes ethanol oxidation with a 12-electron process [10]. However, 
despite their potential in catalytic applications, HEA NPs have never 
been used as catalysts for carbon nanotube (CNT) growth. 

In this study, we attempted to grow single-walled CNTs (SWCNTs) 

using HEA NPs comprising five platinum group metals (5PGM; Rh, Ru, 
Pd, Ir, and Pt). To date, our group has reported the SWCNT growth using 
PGMs as catalysts and demonstrated that they act as effective catalysts 
[14–20]; we reported the SWCNT growth below 300 ℃ with a Rh 
catalyst [14], and observed that Ir and Pt are effective catalysts to grow 
small-diameter SWCNTs with diameters below 1.1 nm [14,18,19]. In 
particular, vertically aligned (VA-)SWCNTs with small diameters were 
grown with Ir catalysts [18,19]. The fact that VA-SWCNTs were ob
tained with sufficiently high-density growth indicates that Ir is a highly 
active catalyst for SWCNT growth. Considering that PGM HEA NPs often 
exhibit higher activity than monometal PGM catalysts in various re
actions, HEA NPs composed of PGMs might act as highly active catalysts, 
even for SWCNT growth. Herein, we performed SWCNT growth by 
chemical vapor deposition (CVD) using a C2H2 feedstock with 5PGM NPs 
as the catalyst. Our results showed that the 5PGM HEA NPs demon
strated superior catalytic performance for the growth of small-diameter 
SWCNTs. 

2. Experimental procedure 

2.1. Synthesis of 5PGM HEA NPs 

The synthesis of the 5PGM HEA NPs catalysts has been described 
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previously [9]. Briefly, 5PGM HEA NPs were obtained by injecting a 
mixed aqueous solution of five metal precursors, RuCl3⋅nH2O, 
RhCl3⋅3H2O, K2[PdCl4], IrCl₄⋅nH₂O, and K2[PtCl4], in an equimolar ratio 
(approximately 16.7 at%; each precursor concentration is 0.1 M) at 5.0 
mL/min to a preheated 50 vol% of ethanol aqueous solution containing 
KOH at 5 mM pumped at 50.0 mL/min at 230 ℃ under 8.0 MPa using 
the flow reactor. Also, poly (N-vinyl-2-pyrrolidone) (PVP, K30) as a 
protecting agent was dissolved in the precursors’ solution before injec
tion. Ethanol acts as both a reducing agent and a solvent. The mixture 
was quickly cooled to room temperature through the chiller, and the 
ejected black solution was washed several times with a mixture of 
acetone, water, and ether to remove the excess PVP. Finally, a black 
powder was collected via centrifugation and vacuum drying at room 
temperature. 

PGM HEA NPs were characterized using transmission electron mi
croscope (TEM; JEM-ARM 200F, JEM-2100F, JEOL, Tokyo, Japan) at an 
accelerating voltage of 200 kV, where high-angle annular dark-field 
scanning TEM (HAADF-STEM) and annular bright field scanning TEM 
(ABF-STEM) coupled with energy-dispersive X-ray (EDX) spectroscopy 
were used. In addition, pair distribution function (PDF) was obtained 
from electron diffraction in TEM. For TEM observation, the dispersed 
5PGM HEA NP solution was dropped onto TEM grids (HRC-C10 Cu100P, 
STEM, Tokyo, Japan), followed by drying at room temperature. Their 
structures and compositions were determined by X-ray diffraction (XRD; 
SmartLab, Rigaku, Tokyo, Japan) and X-ray photoelectron spectroscopy 
(XPS; JPS-9200, JEOL, Tokyo, Japan), respectively. A Mg Kα X-ray 
source was used for the XPS analysis. Using the XPS analysis, we also 
measured the valence band spectra of Ru, Pd, Ir, Pt, Fe, and Co to 
determine the d-band centers. In this analysis, we measured the Ru, Pd, 
Ir, and Pt particles deposited on SiO2/Si substrates by the pulsed arc 
plasma deposition system (APD-2S, ADVANCE-RIKO, Yokohama, 
Japan). In the case of Fe and Co, XPS analysis was performed for Fe and 
Co thin films formed on SiO2/Si substrates after Ar sputtering for 10 min 
to remove the surface oxides. In addition, XPS measurements were 
performed for the top of the valence band of the Au films to determine 
the Fermi level and evaluate the energy position of the d-band center 
with respect to the Fermi level. 

2.2. SWCNT growth 

For use as a catalyst for SWCNT growth, the 5PGM HEA NPs were 
dispersed in ethanol by the ultrasonic homogenizer (Sonifier SFX150, 
Branson, USA); then the dispersion liquid containing 5PGM HEA NPs 
were spin-coated on SiO2/Si substrates. After heating at 400 ℃ in the air 
to remove PVP coating from 5PGM HEA NPs, the substrates were 
mounted in a reactor, and SWCNTs were grown in hot-wall CVD using 
C2H2 as feedstock with 5PGM HEA NPs as catalysts; SiO2/Si substrates 
with the 5PGM HEA NPs were placed in a quartz tube inside an electric 
furnace (Fig. S1). The quartz tube was evacuated using a scroll pump 
and the base pressure was maintained below 5 Pa. During heating in the 
electric furnace, Ar/H2 (5 % H2) was supplied at a flow rate of 1000 
sccm. After the furnace reached the desired temperature, the supply of 
Ar/H2 was stopped and Ar/C2H2 (2.5 % C2H2) was used for SWCNT 
growth. In this experiment, the growth temperature and growth time 
were set at 700–850 ℃, and 10 min, respectively. The morphology of the 
SWCNTs was characterized using field-emission scanning electron mi
croscopy (FE-SEM; SU-8010, Hitachi Ltd., Tokyo, Japan). To charac
terize the crystalline quality and SWCNT yield, the Raman spectra of the 
samples were measured using a Micro-Raman system (RAMANforce, 
Nanophoton, Osaka, Japan). The excitation wavelengths used for Raman 
measurements were 488, 532, 671, and 785 nm, where the detection 
area was about 1 μm. The SWCNTs were also characterized by TEM 
(JEM-2100F, JEOL). For TEM observations, SWCNTs grown on SiO2/Si 
substrates were exfoliated from the substrates using polymethyl meth
acrylate (PMMA) films, which were formed by the drop casting method 
from PMMA/acetone solution. Then, the PMMA film containing 

SWCNTs was dissolved in a mixture of 10 % N, N-dimethylformamide, 
and acetone, followed by dispersion with the ultrasonic homogenizer 
(Sonifier SFX150, Branson, USA). Finally, the solution was dropped onto 
TEM grids (HRC-C10 Cu100P, STEM, Tokyo, Japan) and cleaned with 
acetone vapor to remove residual PMMA. 

For reference, SWCNT growth were also performed with mono
metallic Ru, Pd, Ir, Pt, Fe, and Co NPs, which were prepared by pulsed 
arc plasma deposition in high vacuum. The particle size of each element 
was characterized by TEM (JEM-ARM 200F, JEM-2100F, JEOL) at an 
accelerating voltage of 200 kV. To characterize the particle sizes, we 
deposited each catalyst metal on the SiO2 membrane TEM window grid 
(SO200-A40L, ALLIANCE Biosytems, Osaka, Japan). The typical particle 
size of each element was in the range of 0.5–3 nm (Fig. S2), which is 
suitable for SWCNT growth. For SWCNT growth, Ru, Pd, Ir, and Pt 
catalyst particles were deposited on SiO2/Si substrates, and Fe and Co 
catalyst particles were deposited on Al2O3(20 nm)/SiO2/Si/substrates; 
these are the common support layers for each catalyst metal to obtain 
high-yield SWCNTs. To compare the amount of each monometal catalyst 
on the substrate with that of 5PGM HEA NPs, we performed XPS mea
surement for both monometal catalysts and 5PGM HEA NPs, where XPS 
analysis for the latter was performed after removing PVP by heating in 
air. The relative peak intensity of each constituent element in XPS 
spectra for 5PGM HEA NPs on the SiO2/Si substrate was less than 1/5 of 
each monometal catalyst particle deposited by the pulsed arc plasma 
method (Fig. S3). This indicates that the amount of 5PGM HEA NPs on 
the substrate was smaller than that of each monometal catalyst. 

3. Results and discussion 

3.1. Characterization of 5PGM HEA NPs 

Fig. 1(a) shows the ABF-STEM images of the 5PGM HEA NPs; black 
particles are observed. The high-resolution TEM (HRTEM) image shows 
lattice fringes with a spacing of 0.223 nm (Fig. 1(b)), confirming the 
highly crystalline character of the NPs. Fig. 1(c) shows the size distri
bution of the NPs. The sizes of NPs are in the range of 0.8–7.6 nm with an 
average size of 3.12 nm; the sizes are predominantly below 4 nm. 
Considering that the amount of 5PGM HEA NPs on the substrate was not 
higher than those of monometal catalysts deposited by the pulsed arc 
plasma method, the density of 5PGM HEA NPs would be smaller than 
those of monometal catalyst particles because the sizes of 5PGM HEA 
NPs were slightly larger than those of monometal catalysts. The XRD 
pattern shows that the 5PGM HEA NPs have a single-phase face-centered 
cubic (fcc) structure with a lattice parameter of a = 0.386 nm (Fig. 2). 
This corresponds to an interplanar spacing of 0.223 nm in the (111) 
plane of the fcc structure, which is consistent with the HRTEM image 
shown in Fig. 1(b). Fig. 3 (a)-(f) shows the EDX maps of Ru, Rh, Pd, Ir, Pt, 
and their mixtures for 5PGM HEA NPs. These maps show that each 
element is homogenously distributed throughout the NPs. The STEM- 
EDX point analysis showed that the composition ratio of each element 
was similar in the 5PGM HEA NPs (Fig. 3 (g) and (h)). We also inves
tigated the composition of the 5PGM HEA NPs using XPS. Fig. 4 (a)–(e) 
shows the core-level XPS spectra of Ru, Rh, Pd, Ir, and Pt in the 5PGM 
HEA NPs. The XPS core-level spectrum of each element was fitted to one 
component that had binding energy on the red line with its bulk metal. 
This indicates that all the elements are in the metallic state, as reported 
in a previous study [10]. Considering the relative sensitivity factor (RSF) 
of each element in the XPS system, the composition ratio of each element 
was estimated from the peak intensity. The composition ratios obtained 
are shown in Fig. 4(f). The atomic percentages of each element deter
mined by XPS are almost the same among the 5PGM elements. From the 
TEM, XRD, and EDX characterizations, we concluded that the 5PGM 
HEA NPs were solid solutions, where the composition ratio of each 
constituent element was almost equal, and each constituent element was 
homogenously distributed. 
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3.2. SWCNT growth 

Using the 5PGM HEA NPs as catalysts, we grew SWCNTs using Ar/ 
C2H2 as the feedstock. Fig. 5(a) shows the Raman spectra of SWCNTs 
grown at 700 –850 ℃. The flow rates of Ar/C2H2 were optimized for 
each growth temperature (50, 300, 600, and 900 sccm for 700 ℃, 750 
℃, 800 ℃, and 850 ℃, respectively). In all spectra, G-band peaks appear 
at approximately 1585 cm− 1, and radial breathing mode (RBM) peaks 
are observed in the range of 130–310 cm− 1. This indicates that SWCNTs 
were grown from the 5PGM HEA NP catalysts in this temperature range. 
D-band peaks are also observed at ~ 1350 cm− 1; however, their in
tensities are lower than those of the G-band for each growth tempera
ture. Considering that the D-band peak was derived from defects in the 
graphene lattice or amorphous carbon [21], the G/D ratio corresponded 
to the crystalline quality of the grown SWCNTs. At 750 ℃, the G/D ratio 
reached its maximum (4.6), where the intensities of the G band and RBM 
peaks became the strongest. This indicates that the crystalline quality of 
SWCNTs was best at 750 ℃, where the SWCNT yield was the highest. 
The G/D ratio at 750 ℃ was compatible with those grown from 

monometal PGM NPs [14–20], exhibiting comparatively good quality of 
SWCNTs grown with 5PGM HEA NP catalysts. 

To investigate the structural property of SWCNTs grown from 5PGM 
HEA NPs, we performed Raman spectroscopy for SWCNTs grown at 750 
℃ using lasers with four excitation wavelengths because the RBM peak 
intensities are significantly enhanced under the resonant condition. 
Fig. 5(b) shows the Raman spectra of SWCNTs grown at 750 ℃ under the 
optimal flow rate of Ar/C2H2 (300 sccm). Irrespective of the excitation 
wavelength, both RBM and G-band peaks are observed. The RBM peaks 
are observed in the range of 134–298 cm− 1 and mainly distributed at 
222–298 cm− 1. Using the relationship between the SWCNT diameter 
(nm) and wavenumber of an RBM peak (cm− 1), ωRBM (cm− 1) = 248/ 
d (nm) [22], most of the grown SWCNTs had diameters of 0.83–1.1 nm. 
Fig. 6 shows the SEM and TEM images of the SWCNTs grown from the 
5PGM HEA NPs. The SEM image shows that web-like SWCNTs are grown 
from 5PGM HEA NPs, and the lengths of most SWCNTs are longer than 1 
μm (Fig. 6(a)). The TEM image shows that SWCNTs are grown from the 
5PGM HEA NPs, and they formed bundles (Fig. 6(b)). The diameters of 
the SWCNTs are ~ 1 nm, as shown in the inset of Fig. 6(b), although they 
showed wavy structures induced by the electron irradiation damage. 
Their diameters are consistent with those of the RBM peaks estimated 
from Raman spectra. The existence of amorphous carbon was not 
confirmed in SEM and TEM observations, suggesting that D-band peak in 
Raman spectrum was mainly derived from the defects in SWCNTs. 

To investigate the robustness of the 5PGM HEA NP catalysts, we 
performed STEM-EDX mapping of the 5PGM HEA NPs after SWCNT 
growth. Fig. 7 (a)-(f) shows the STEM- HAADF images and corre
sponding EDX maps of Ru, Rh, Pd, Ir, and Pt. These maps show that, after 
SWCNT growth, each element is homogeneously distributed throughout 
the NPs, confirming the robustness of the 5PGM HEA NPs through 
SWCNT growth. Considering that SWCNTs are generally grown from 
catalyst particles with diameters less than 3 nm [23], we also performed 
STEM-EDX point analysis for 5PGM HEA NPs with the smaller diameter. 
Fig. 7 (g) shows the STEM-HAADF image of 5PGM HEA NPs with di
ameters less than 6 nm after SWCNT growth and the composition ratio 
obtained for a red point in (g) using STEM-EDX point analysis is shown 
in Fig. 7(h). The composition ratio of each element was not significantly 
different, indicating that phase separation did not occur in 5PGM HEA 
NPs during SWCNT growth. 

We also performed XRD and PDF analysis for 5PGM HEA NPs after 

Fig. 1. (a) TEM images and (b) High-resolution TEM image of 5PGM HEA NPs. Black particles in (a) are 5PGM HEA NPs. (c) Particle size distribution of 5PGM HEA 
NPs. The inset of (a) shows ABF-STEM image of 5PGM HEA NPs. 

Fig. 2. XRD pattern of 5PGM HEA NPs.  
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SWCNT growth to characterize their crystallinity. The XRD pattern of 
(111) diffraction peak and PDF of 5PGM HEA NPs after SWCNT growth 
are shown in Fig. 8 (a) and (b), respectively. For comparison, the XRD 
pattern and PDF of as-prepared 5PGM HEA NPs and those after heating 
at 750 ℃ for 3 min are also shown. Although the narrowing of (111) 
peak was seen after the heating, the diffraction angle of each (111) peak 
was the same (Fig. 8 (a)). In the PDF, 6 peaks corresponding to the 
atomic distances in the fcc structure of 5PGM HEA were seen, where 
there was no remarkable change in the distribution of distances between 
pairs of atoms even after the heating and SWCNT growth (Fig. 8 (b)). 
Furthermore, lattice fringes of the HRTEM image for 5PGM HEA NPs 
with a diameter of ~ 3 nm after SWCNT growth showed the same 

distance of (111) planes in the fcc structure (Fig. 8 (c)). These results 
indicate that both long-range order and local structure of 5PGM HEA 
NPs did not show a marked change during SWCNT growth, confirming 
their robustness. 

3.3. Catalyst activity 

To compare the activity of the 5PGM HEA NPs with that of mono
metallic catalysts, we performed SWCNT growth with Ru, Pd, Ir, and Pt 
catalysts on SiO2/Si substrates by CVD using C2H2 as the feedstock gas. 
We also grew SWCNTs using extensively used-Fe and Co catalysts with 
Al2O3 support layers on Si substrates [24,25]. The optimal growth 

Fig. 3. STEM-EDX maps of 5PGM HEA NPs using (a) Ru-L, (b) Rh-L, (c) Pd-L, (d) Ir-L, and (e) Pt-L lines. (f) EDX map of mixture of all elements. (g) STEM-HAADF 
image of another 5PGM HEA NPs and (h) the composition ratio obtained using STEM-EDX point analysis. The analysis point is indicated by a red point in (g). 

Fig. 4. XPS spectra of (a) Ru 3d5/2, (b) Rh 3d5/2, (c) Pd 3d5/2, (d) Ir 4f7/2, and (e) Pt 4f7/2 levels of 5PGM HEA NPs. (f) Compositions of 5PGM in HEA NPs obtained 
using XPS. 
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conditions for each catalyst were determined by performing SWCNT 
growth for 10 min at various growth temperatures and flow rates of Ar/ 
C2H2. The Raman spectra of the samples grown under the optimal 
growth conditions showed that, except for Pd, both the RBM and G-band 
peaks appeared, indicating the growth of SWCNTs from the Ir, Pt, Ru, Fe, 
and Co catalysts (Fig. S4(a)–(e)). With an excitation wavelength of 671 
nm, the G/D ratio of SWCNTs from 5PGM HEA NP catalysts was 10.7 
(Fig. 5(b)), which was higher than those from the Ir, Pt, and Ru catalysts, 

and the value of G/D ratio was compatible for those from Fe and Co 
catalysts. This confirms that the quality of SWCNTs from 5PGM HEA NP 
catalysts were good. The SEM images showed that web-like SWCNTs 
were grown from the Ir, Pt, Ru, Fe, and Co catalysts (Fig. S5(a)–(e)). In 
the case of Pd, SWCNT growth could not be confirmed possibly (Fig. S5 
(f)) because of both aggregation of Pd catalysts and their low activity for 
C2H2 [15]. Because the ratio of G-band peak intensity to the intensity of 
Si phonon peak at 520 cm− 1 (G/Si ratio) is approximately proportional 
to the SWCNT yield [14–16], we calculated the G/Si ratio from the 
Raman spectra of SWCNTs grown from each catalyst to characterize the 
SWCNT yield (Fig. S6). In Fig. 9, the G/Si ratio for each catalyst is 
plotted as a vertical line in the logarithmic form. The G/Si ratio of 
SWCNTs grown with 5PGM HEA NPs is dependent on the detection area. 
This is because the homogeneity of 5PGM HEA NPs on the substrate 
prepared by the spin-coating method was worse than those of mono
metal catalyst particles and there would be the density distribution of 
the 5PGM HEA NPs. To avoid the influence of density distribution, we 
performed Raman measurements for 10 or more points on the substrates 
and plotted the average value with the error bar giving the information 
about the dispersion of G/Si ratio for each catalyst. The average G/Si 
ratios for SWCNTs grown with the Ru, Ir, and Pt catalysts are below 0.3, 
whereas that of the 5PGM HEA NPs is ~ 1.3. Irrespective of the in-plane 
distribution, the G/Si ratio of the SWCNTs grown with 5PGM HEA NPs 
was larger than those grown with Ru, Ir, and Pt catalysts, indicating that 
the SWCNT yield with 5PGM HEA NPs was much higher than that with 
PG monometal catalysts. Considering that the density of 5PGM HEA NPs 
on the substrate was lower than those of monometal platinum-group 
metal catalysts, as inferred from TEM and XPS results (Fig. 1, S2 and 
S3), this indicates that the catalyst activity of the 5PGM HEA NPs was 
higher than those of Pd, Ru, Ir, and Pt. We also evaluated the G/Si ratio 
of the SWCNTs grown with the Fe/Al2O3 and Co/Al2O3 catalysts under 
optimal growth conditions. The G/Si ratios of these catalysts were 
1.6–2.4, which were much larger than those of the monometal PG cat
alysts. However, despite their high yields, the G/Si ratios of SWCNTs 
grown with the 5PGM HEA NP catalysts were compatible with those of 
the Fe and Co catalysts. Again, considering the lower density of 5PGM 
HEA NPs on the substrates, this substantiates the high catalytic activity 
of 5PGM HEA NPs for SWCNT growth. 

In general, the d-band center of a transition metal is strongly related 
to its catalytic activity. As the d-band center approaches the Fermi level, 
the adsorption energy of the molecules generally increases. This implies 
that metal particles can catalyze a larger amount of feedstock gas, 
thereby acting as highly active catalysts [26]. Therefore, to investigate 
the relationship between the catalyst activity and the d-band center, we 
evaluated the d-band center of the 5PGM HEA NPs by performing an XPS 
analysis of the valence band. From the valence band spectra of each 
metal, we evaluated the d-band center relative to the Fermi level using 
Equation (1) [27]: 

Fig. 5. (a) Raman spectra of SWCNTs grown at 700, 750, 800, and 850 ℃ by 
CVD with 5PGM HEA NP catalysts under the optimal Ar/C2H2 flow rate. The 
flow rate of Ar/C2H2 was optimized for each growth temperature (50, 300, 600, 
and 900 sccm for 700 ℃, 750 ℃, 800 ℃, and 850 ℃, respectively). The 
excitation wavelength is 532 nm. (b) Raman spectra of SWCNTs grown at 750 
℃ by CVD with 5PGM HEA NP catalysts. Raman spectra were measured using 
lasers with four excitation wavelengths (488, 532, 671, and 785 nm). 

Fig. 6. (a) SEM and (b) TEM images of SWCNTs grown at 750 ℃ from 5PGM HEA NPs. The inset of (b) shows the high magnification image of SWCNTs.  
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d band center =
∫

E • DOS(E)dE
∫

DOS(E)dE
(1)  

where DOS(E) is the density of states of the occupied d states at binding 
energy E. Here, we assumed the valence band spectra obtained from the 
XPS analysis to be DOS(E), considering that the photoionization cross 

sections of the d states are much larger than those of the s and p states 
[28]. As reported previously [11], the valence band of HEA NPs shows a 
“featureless” spectrum (Fig. S7). For comparison, we also performed XPS 
measurements for Ru, Pd, Ir, Pt, Fe, and Co and evaluated the d-band 
center for each element. The relationship between the G/Si ratio and d- 
band center for each catalyst is shown in Fig. 9. The d-band centers of 

Fig. 7. (a) STEM-HAADF image of 5PGM HEA NPs after SWCNT growth. Corresponding STEM-EDX maps of (b) Ru-L, (c) Rh-L, (d) Pd-L, (e) Ir-L, and (f) Pt-L lines. (g) 
STEM-HAADF image of another 5PGM HEA NPs after SWCNT growth and (h) the composition ratio obtained using STEM-EDX point analysis. The analysis point is 
indicated by a red point in (g). 

Fig. 8. (a) XRD pattern of (111) diffraction peaks and (b) pair distribution functions of as-prepared 5PGM HEA NPs, 5PGM HEA NPs after heating at 750 ℃ for 3 min 
and that after SWCNT growth. (c) High-resolution TEM image of 5PGM HEA NPs after SWCNT growth. 
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Ru, Pd, Ir, and Pt determined by XPS analysis are almost identical to 
those reported in a previous study [29]. For the monometallic catalysts, 
the G/Si ratio generally increased as the d-band center approached the 
Fermi level, as expected. In contrast, the d-band center of the 5PGM HEA 
NPs is located far from the Fermi level, although the G/Si ratio of the 
SWCNTs from the 5PGM HEA NP catalysts is high. This suggests that the 
HEA NPs behave quite differently from pure metal catalysts. This could 
be because HEA NPs have various surface sites, some of which would 
show high activity, as indicated in previous studies on HEA catalysts 
[10]. At present, identifying the active site for SWCNT growth is difficult 
because there are numerous sites on the surface of 5PGM HEA NPs. One 
of the candidates is the sites related to Pd atoms; among the PGM, Pd 
surface is known to be highly active in the cyclization reaction of acet
ylene to benzene [30,31], and Abbet et al. reported that even a single Pd 
atom catalyzes the production of benzene [32]. Such a catalytic property 
of Pd atom might play efficiently to obtain high-yield SWCNT. As shown 
in Fig. S5, SWCNTs were not grown from Pd catalysts because of the 
enlargement of particle sizes caused by aggregation [15]. Due to the 
stabilization by HEA, the enlargement of particle size was suppressed, as 
a result, the high catalytic activity of Pd atom in the cyclization reaction 
might be utilized to grow SWCNTs with high yield. 

4. Conclusions 

We succeeded in growing SWCNT by CVD using 5PGM HEA NP 
catalysts, which were solid solutions homogeneously composed of Ru, 
Rh, Pd, Ir, and Pt in almost equal atomic ratios. High-density SWCNTs 
were grown from 5PGM HEA NPs, most of whose lengths were longer 
than 1 μm. Raman analysis showed that SWCNTs grown from 5PGM 
HEA had diameters in the range of 0.83–1.1 nm, and the G/Si ratio was 
~ 1.3, which was much higher than those of SWCNTs grown with 
monometal PGM catalysts. Furthermore, the G/Si ratio was comparable 
to that of SWCNTs grown using Fe and Co catalysts, which are the most 
common catalysts used to obtain high-yield SWCNTs. Our results show 
that, compared to monometal catalysts, 5PGM HEA NPs act as highly 
active catalysts for the growth of small-diameter SWCNTs. This could be 
due to the unique properties of HEA NPs, where various surface sites for 
the catalytic reaction are available because of the diversity of atomic 
configurations with specific local electronic structures. 
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