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ABSTRACT 

The atomic structure of platinum nanoparticles (Pt NPs) loaded on carbon black (CB) particles was investigated 

using high-resolution transmission electron microscopy (HRTEM). The Pt NPs were inhomogeneously strained 

and approximated as monoclinic structures. No correlation was observed between the monoclinic lattice 

parameters and the size of Pt NPs.  About 80 % of the Pt NPs were compressively strained, and about 20 % of 

the Pt NPs were expansively strained. Side-view HRTEM analyses of Pt NPs were performed for specimens 

milled by a focused ion beam apparatus (FIB). The (111), (100), and (110) facets of the Pt NPs were observed to 

be adhered to CB particles. The frequency of Pt NP-CB adhesion interfaces decreased in the order of (111), 

(100), and (110) facets. This order was consistent with the (111), (100), and (110) planar packing fractions of Pt, 

the observed frequencies of (111), (100), and (110) facets of Pt NPs, and the (111), (100), and (110) surface 

energies of Pt. Further, variation of (111) interplanar spacing of Pt NPs on CB particles was measured as a 

function of azimuth angle of the (111) planes, and no correlation was observed between the variation of (111) 

interplanar spacing and the azimuth angle. 
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I. INTRODUCTION 
It has been reported that the lattice 

parameter of platinum nanoparticles (Pt NPs) 

decreases with decreasing nanoparticle size [1]. In 

order to examine this phenomenon, we deposited Pt 

NPs on graphite particles using a coaxial arc plasma 

gun in vacuum and analyzed the relationship 

between the particle size and face-centered cubic 

(FCC) lattice parameter of Pt NPs [2]. However, no 

correlation was observed between the two 

parameters through high-resolution transmission 

electron microscopy (HRTEM) observations. By fast 

Fourier transform (FFT) analyses of the cross-lattice 

fringes of Pt NPs, it was found that Pt NPs were 

inhomogeneously strained and that this anisotropic 

straining caused variation in the lattice parameters of 

Pt NPs. Hence, the lattices of Pt NPs deposited on 

graphite particles were approximated by monoclinic 

lattices and the HRTEM images of Pt NPs were 

analyzed. As a result, the mean value of the cube 

root of the monoclinic unit cell volume (V
1/3

) of Pt 

NPs was found to be smaller than the FCC lattice 

parameter of bulk Pt, and it was found that 

approximately two-thirds of the Pt NPs were 

compressively strained and that the other Pt NPs 

were expansively strained. Further, the value of V
1/3

 

ranged from a compression of 5.9% to an expansion 

of 2.8% as compared with the lattice parameter of 

bulk Pt. The anisotropic straining of Pt NPs was also 

observed in the Pt NPs that were deposited on C60 

fullerene nanowhiskers using the coaxial arc plasma 

gun [3].  

It has been reported that the catalytic 

activity of Pt NPs is influenced by the lattice 

straining [4, 5] and that the Pt (110) facets with large 

tensile strains are favorable for the optimization of 

Pt-O bond strength that affects the ORR activity [6]. 

It is of interest to know how the crystal structure of 

Pt NPs is strained even in practical catalysts. In 

addition, since it has been reported that the oxygen 

reduction reaction (ORR) activity of Pt single crystal 

facets reduces in the order of Pt (111)  Pt (110) > Pt 

(100) [7] and that Pt {110} surfaces are more active 

than Pt {111} and {100} surfaces for the ORR in 

perchloric acid [6, 8], it is of interest to know what 

facets more frequently appear in practical Pt 

catalysts. To our knowledge, however, no report 

on the statistical data of Pt NP facets in practical 

catalysts have been published yet. Hence, the current 

study is focused on the structural characterization of 

Pt NPs supported on carbon black (CB) particles in a 

commercially available catalyst. To conduct the 

above study, Pt NPs from TEC10E50E powder 

milled by a focused ion beam apparatus (FIB) were 
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investigated in addition to those of as-received 

TEC10E50E powder. Detailed structural analyses of 

Pt NPs on CB particles on the atomic scale are 

presented in this paper. 

 

II. EXPERIMENTAL PROCEDURES 

A portion of as-received TEC10E50E 

powder (Tanaka Kikinzoku Kogyo K.K., Tokyo, 

Japan) was ultrasonically dispersed in ethanol and 

pipetted onto TEM carbon microgrids. The 

TEC10E50E powder samples on TEM microgrids 

were observed using a high-resolution transmission 

electron microscope (JEOL JEM2800, 200 kV).  

On the other hand, a portion of the as-

received TEC10E50E powder was ultrasonically 

dispersed into a solution of 0.24 mL water and 0.76 

mL isopropyl alcohol, and the ultrasonicated 

TEC10E50E powder was deposited on the flat 

surface of a glassy carbon electrode (4 mm in 

diameter and 4 mm in height). A thin layer (500 

nm thick) of tungsten was coated on the deposited 

TEC10E50E powder using a focused ion beam 

milling apparatus (FIB-SEM, Hitachi NB5000, 

Japan), and then the W-coated TEC10E50E powder 

was milled to a thickness of less than 100 nm with a 

Ga ion beam (40 keV) to facilitate the observation of 

Pt NP-CB particle adhesion at the interface.  

The measurement of particle size and 

monoclinic lattice parameters of Pt NPs was 

conducted using the same method described in ref. 

[2]. The magnification of the HRTEM images was 

calibrated using high-purity silicon (Si) crystals 

(Optostar Ltd, Tsukuba, Japan). Every HRTEM 

image was taken at a nominal magnification of 

1,000,000. 

 HRTEM image simulation was conducted using 

self-developed software based on the eigenvalue 

method [9]. 

 

III. RESULTS AND DISCUSSION 
Figure 1 (a) displays an example of 

HRTEM image of a Si crystal that was observed 

along the [110] zone axis. Using the FFT spots as 

shown in Fig. 1 (b), the actual magnification of the 

TEM was measured.  55 FFT spots from different 

lattice images of Si crystals were analyzed, where 

(111), (200), (220) and (311) FFT spots were used 

for the magnification measurement. Figure 2 

displays the distribution of measured magnifications 

which ranged from 9.5110
5
 to 1.0210

6
 and the 

mean magnification was 9.8010
5
  0.1510

5
 (mean 

 sd). The histogram could be fitted by the normal 

distribution curve, which means that 95.5% of the 

observations involved magnification fluctuations of 

about 3% around the mean magnification of 

9.8010
5
 in this study. 

 

 

 
Fig. 1. (a) HRTEM image of Si crystal taken at a 

nominal magnification of 1,000,000. (b) FFT image 

for (a). 

 

 
Fig. 2. Distribution of the actual magnifications 

measured using FFT images of the Si lattice images 

taken at a nominal magnification of 1,000,000. 

 

 
Fig. 3. (a) TEM image of TEC10E50E powder, (b) 

magnified TEM image of TEC10E50E powder. 

 

Figure 3 (a) displays an example TEM 

image of the as-received TEC10E50E powder. 

Figure 3 (b) is a magnified image of TEC10E50E 

showing the CB particles with spherically stacked 

graphene layers and Pt NPs. 

Figure 4 (a) displays a part of the as-

received TEC10E50E powder showing the CB 

particles with Pt NPs. A Pt NP with cross-lattice 

fringes indicated by arrow is displayed in the 

magnified image of Fig. 4 (b).  The lattice planes 

indicated by  and  are observed to be 

curved, showing that the Pt NP is inhomogeneously 

strained. Figure 4 (c) displays a fast Fourier 

transform (FFT) pattern of the strained Pt NP (Fig. 4 
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(b) ) showing the incident electron beam direction 

parallel to the [110] zone axis, where measured 

interplanar angles are indicated. In FCC crystals, the 

interplanar angle between the (002) and  

planes is 54.7 and that between the  and 

 planes is 70.5. However, the measured 

angles shown in Fig. 4 (c) are 56.2 between the 

(002) and  planes and 70.2 between the  

and   planes, slightly deviating from the 

theoretical angles, indicating the anisotropic 

straining of the Pt NP.  

HRTEM images with cross-lattice fringes 

taken along the [110] zone axes were obtained for 

134 Pt NPs of the as-received TEC10E50E. Using 

the FFT images as shown in Fig. 4 (c), lattice plane 

spacings of  and  were calculated. A 

parameter S indicating the anisotropic strain in the 

(110) lattice plane was defined by the ratio between 

 and , and the values of S were 

calculated using the 134 cross-lattice images of the 

Pt NPs viewed along the [110] zone axis.  

Figure 5 shows the distribution of S values, 

where S=  or S=  so 

that 1.  The value of S ranged from 1.00 to 1.16, 

and the mean value of S was 1.03  0.03. On the 

other hand, using 11 cross-lattice images of different 

Si crystals that were viewed along the [110] zone 

axis as shown in Fig. 1, the S value was also 

measured, and the S value ranged from 1.00 to 1.02 

with the mean value of 1.01  0.01. This result  

shows that the anisotropic stain is negligibly small in 

the Si crystals as compared with the Pt NPs. Hence, 

it is no doubt that the Pt NPs were anisotropically 

strained from the correct FCC structure.  

Figure 6 shows the size distribution of the 

134 Pt NPs whose average diameter was measured 

to be 3.4  0.9 nm, which well coincides with the 

mean diameter of 3.3 nm of the Pt NPs in 

TEC10E50E powder that was measured by XRD 

[10]. 

 

 
 

 

 

 
Fig. 4. (a) HRTEM image of a part of the as-

received TEC10E50E powder, (b) magnified image 

of the arrowed Pt NP of (a), and (c) FFT pattern for 

the Pt NP of (b). 

 

 
Fig. 5. Distribution of the anisotropic strain S in the 

(110) lattice plane of the Pt NPs. 
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Fig. 6. Diameter distribution of the Pt NPs from the 

as-received TEC10E50E powder used for 

monoclinic lattice parameter measurements. 

 

As described in our previous paper [2], the 

structure of Pt NPs was approximated as a 

monoclinic lattice and the lattice parameters (a (nm), 

b (nm), c (nm),  ()) were obtained using the least 

squares method, i.e., the lattice plane spacings 

d , d  and d(002) were calculated so that 

F(a, b, c, ) (1) becomes minimum by varying a, b, c 

and , using Mathematica (Wolfram), where d0(hkl) 

means the (hkl) interplanar spacing measured from 

the observed HRTEM image. 

 

F(a, b, c, )  (d0  - d )
2
 + (d0           

- d )
2
 + (d0(002)-d(002))

2
 .      (1) 

 

Figure 7 shows the results of fitting the 

monoclinic lattice parameters which are plotted as a 

function of particle diameter (D). The mean lattice 

parameters are a=0.373  0.016 nm, b=0.377  

0.015 nm, c=0.406  0.035 nm and =93.7  3.5.  

 

 
 

 
Fig. 7. Monoclinic lattice parameters a (nm), b (nm), 

c (nm), and  () of the Pt NPs from the as-received 

TEC10E50E powder plotted as a function of 

diameter D (nm). 

 

No correlation is observed between the 

lattice parameters and the particle diameters. The 

wide scatter in the measured lattice parameters 

implies that the lattices are randomly strained 

irrespective of particle diameter. 

The cube root of the monoclinic unit cell 

volume (V
1/3

) for the Pt NPs is shown in Fig. 8 as a 

function of diameter. The mean value of V
1/3

 is 

0.384  0.009 nm, which is approximately 2.1% 

smaller than the lattice parameter a0 = 0.39231 nm of 

bulk Pt (JCPDS 00–004-0802). This result is 

consistent with the reported result that Pt NPs 

showed the lattice parameters less than a0 [1]. The 

value of V
1/3

 ranged from 0.356 nm to 0.405 nm in 

Fig. 8. The magnification of TEM may fluctuate in 

various ways according to the observation condition 

that changes depending on the focusing, sample 

position and stability of lens system. The calibrated 

magnification of TEM might have involved a 

fluctuation of 3 % around 1.0010
6
. However, the 

scattering of V
1/3

 of Fig. 8 is too wide as compared 

to the magnification fluctuation. Hence, it is clear 

that the wide distribution of V
1/3

 was caused by the 

inhomogeneous straining of the Pt NPs. 
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Fig. 8. Cube root of unit cell volume V

1/3
 (nm) of the 

Pt NPs from the as-received TEC10E50E powder 

plotted as a function of diameter D. 

 

The lattice strain of the Pt NPs, defined as 

100(V
1/3

−a0)/a0 (%), was calculated and found to 

range from a compression of 9.2% to an expansion 

of 3.2%. Figure 9 shows the lattice strain distribution 

of Pt NPs, where it is shown that 83% of the Pt NPs 

are compressed and 17% of the Pt NPs are 

expanded. 

Table 1 summarizes the measurement 

results. It is expected that expanded Pt unit cells are 

favorable for increasing the surface reactivity of Pt 

NPs with CO molecules [5, 11], and it has been 

reported that compressed Pt unit cells are favorable 

for enhancing the ORR activity of Pt NPs [4, 12]. In 

Table 1, about 80% of the Pt NPs are compressed 

and about 20% of the Pt NPs are expanded. For one 

Pt NP, this result implies that about 80% of the 

surface area of the Pt NP exhibits enhanced ORR 

activity and that about 20% of the surface area of the 

Pt NP is favorable for CO oxidation. It is considered 

that inhomogeneous strain can form both expanded 

facets and compressed facets in the same Pt NP. 

Hence, determining how to tailor the lattice strain of 

individual Pt NPs is of great importance for 

developing excellent Pt catalysts.  

 

 
Fig. 9. Lattice strain distribution of the Pt NPs from 

the as-received TEC10E50E powder. 

On the other hand, it has been reported that 

the ORR activity of Pt NPs can be enhanced by 

inducing a -2 to -3 % surface strain on their (111) 

surfaces [13]. In Table 1, mean compressive lattice 

strains similar to the above strains are shown for the 

Pt NPs of TEC10E50E. Moreover, the ORR activity 

has been known to change depending on the low-

index Pt facets [14]. Hence, in studying the catalytic 

activity of Pt NPs, the surface characterization of Pt 

NPs is imperative in addition to the characterization 

of their crystal structure. 

To know what facets of Pt NPs appear in 

TEC10E50E, side-view observations of Pt NPs were 

conducted. Figure 10 (a) shows a TEM image of 

FIB-processed CB particles where a layer of W was 

deposited for protection from the Ga ion beam. 

Figure 10 (b) shows an enlarged image of the FIB- 

processed CB particles whose surface has layers of 

loaded Pt NPs.  A side view example of Pt NP 

adhered to the surface of a CB particle is shown Fig. 

11 (a).       

 

 

The body of the CB particle shown was 

milled by a FIB. The magnified image in Fig. 11 (b) 

shows the , (001), and  facets of the Pt 

NP. Although most of the adhesion facet appears 

disordered, a (001) facet of the Pt NP is shown to  

 

adhere to the CB particle. A simulated image was 

inserted to roughly estimate the thickness of the Pt 

NP, assuming a thickness of 4 nm and a defocus 

value of 10 nm over focusing (Cs = 0.7 mm).  
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Fig. 10.  (a) TEM image of CB particles prepared by 

milling TEC10E50E powder using a FIB. (b) 

Magnified TEM image of the CB particles milled by 

FIB. 

 

 
Fig. 11.  (a) HRTEM image of a Pt NP adhered to 

the surface of CB particle in the FIB-processed 

TEC10E50E powder. (b) Magnified image of (a) 

with an inserted simulated image. (c) FFT image of 

the Pt NP shown in (b). 

 

The monoclinic lattice parameters of the Pt 

NP were determined from the FFT image shown in 

Fig. 11 (c) using the least squares method, where 

values of a = 0.407 nm, b = 0.408 nm, c = 0.423 nm, 

and  = 92.7 were obtained. The cube root of the 

unit cell volume was calculated to be 0.413 nm, 

showing an expansive strain of 5.2 %.  

Figure 12 shows other examples of Pt NPs 

whose facets are adhered to CB particle surfaces. 

Figure 12 (a) shows a Pt NP whose , , 

and (001) facets are adhered to the CB matrix. The 

inside  lattice planes are heavily distorted and 

show wavy structures. The Pt NP is surrounded by 

other , , and  surface facets. Figure 

12 (b) shows a Pt NP whose , , and 

(001) facets are adhered to the CB matrix, and the Pt 

NP is also surrounded by other , (001), and 

 surface facets. Figure 12 (c) shows a Pt NP 

whose  facet is adhered to the CB matrix, and 

the Pt NP is also surrounded by (001), , and 

 surface facets. The curved facet indicated by 

the arrow is parallel to the  surface and 

expanding outward. These images show that the Pt 

NPs on CB particles are variously strained and 

locally deformed. These various inhomogeneous 

distortions of Pt NPs give rise to the scattered lattice 

parameter data.  

As shown in the above examples, the 

{111}, {100} and {110} facets of Pt NPs were 

observed to be adhered to CB particles of 

TEC10E50E. Next, to know what facets are likely to 

adhere to CB particles and what facets of Pt NPs are 

likely to appear, 128 Pt NPs adhering to CB particles 

of FIB-processed TEC10E50E powder were 

analyzed and the frequency of each facet is plotted 

as a function of the planar packing fraction of Pt 

crystals in Fig. 13, where 462 facets of Pt NPs and 

167 Pt NP-CB adhesion interfaces were analyzed. 
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The ratio of planar packing fractions of Pt 

crystals is 1.633:1.414:1 in the order of (111), (100) 

and (110) lattice planes. Figure 13 (a) shows the 

observed frequency of Pt NP facets plotted as a 

function of planar packing fraction, where a good 

linear correlation is observed between the two 

parameters. Figure 13 (b) shows the observed 

frequency of Pt NP-CB adhesion facet plotted as a 

function of planar packing fraction, which also 

shows a strong correlation between these two 

parameters. The order of observed frequency of 

facets is consistent with the surface energy, , of Pt 

crystals which decreases in the order of (110), 

(100), and (111) [15]. However, this result does 

not necessarily imply that the (111) facets of Pt NPs 

have a higher affinity for the CB surfaces, since the 

frequency of Pt NP-CB adhesion facets is strongly 

proportional to the frequency of Pt NP facets in Fig.  

 

 
Fig. 12. HRTEM images of the FIB-processed 

TEC10E50E powder. (a) Pt NP adhered to CB 

matrix via  and (001) facets. (b) Pt NP adhered 

to CB matrix via , (001), and  facets. (c) 

Pt NP adhered to CB matrix via  facet. 

13 (c), which implies that the observed frequency 

order might have been caused by a probabilistic 

factor.  

 

 
Fig. 13. (a) Observed frequency of Pt NP facets 

plotted as a function of Pt planar packing fraction 

(%).   (b) Observed frequency of Pt NP-CB adhesion 

facets plotted as a function of Pt planar packing 

fraction (%). (c) Observed frequency of Pt-CB 

adhesion facets plotted as a function of the observed 

frequency of Pt NP facets. 

 

Next, to elucidate the influence of CB 

surface tension on the strain of Pt NPs, the (111) 

interplanar spacing was measured as a function of 

orientation relative to the Pt NP-CB adhesion 

interface for the 97 Pt NPs observed in the FIB-

processed TEC10E50E powder.  

The orientation of the (111) plane was 

defined as shown in Fig. 14 (a), using the azimuth 

angle,  (). Figure 14 (b) shows the strain 

distribution of 175 (111) planes of Pt NPs measured 

as a function of azimuth, , where the (111) 
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interplanar strain (%) was defined as 100(d111-

0.2265)/0.2265 for a measured spacing d111 (nm) of 

a (111) lattice plane. The mean strain was calculated 

to be -1.6 %. We note that no correlation can be 

observed between the (111) interplanar strain and 

the azimuth angle, indicating that the (111) 

interplanar strain does not depend on the orientation 

of the (111) planes and that the surface tension of 

CB particles does not exert a marked influence on 

the strain of the Pt NPs. It is suggested that the Pt 

NPs are spontaneously strained and that the surface 

tension caused by CB particles is negligible and too 

small to induce anisotropic strain in Pt NPs. 

 

 
Fig. 14  (a) Azimuth angle,  (), normal to the (111) 

plane of a Pt NP measured from the Pt NP-CB 

adhesion interface. (b) (111) interplanar strain (%) of 

Pt NPs from the FIB-processed TEC10E50E powder 

plotted as a function of azimuth, . 

 

Reported surface energy values of CB 

range from 20.55 mJ/m
2
 to 96.20 mJ/m

2 
[16], while 

the mean surface energy of the (111), (100) and 

(110) facets of Pt is 2.49  0.26 J/m
2 
[15]. Hence, we 

consider that the surface tension of CB particles was 

not strong enough to cause marked strain in the Pt 

NPs. However, instead of using the Pt NPs 

chemically loaded onto CB particles, it is also 

possible to use clean surfaces of carbon substrates to 

which Pt NPs can directly adhere in order to better 

understand the influence of the surface tension of 

carbon substrates on the structure of Pt NPs. For this 

purpose, the deposition of Pt NPs on carbon 

substrates using a coaxial arc plasma gun in vacuum 

is a suitable method of investigating the interaction 

between the Pt NP surface and carbon substrate 

surface. These experiments are currently in process. 

 

IV. CONCLUSION 
(1) The crystal structure of Pt NPs on TEC10E50E 

was observed by HRTEM. The structures of the Pt 

NPs were found to be inhomogeneously strained. 

The lattice parameters of Pt NPs were calculated, 

assuming monoclinic structures. No correlation was 

observed between the monoclinic lattice parameters 

and the diameter of the Pt NPs. About 80 % of the Pt 

NPs were compressively strained, and about 20 % of 

the Pt NPs were expansively strained. 

(2) To investigate how the Pt NPs are adhered to the 

CB particles, side-view HRTEM images of Pt NPs 

were analyzed. The (111), (100) and (110) facets of 

the Pt NPs were observed to be adhered to CB 

particles. The frequency of adhesion interfaces 

decreased in the order of (111), (100), and (110) 

facets. This order was consistent with the (111), 

(100), and (110) planar packing fractions of Pt, the 

observed frequencies of (111), (100), and (110) 

facets of Pt NPs, and the (111), (100), and (110) 

surface energies of Pt.  

(3) The variation of (111) interplanar spacing of Pt 

NPs on CB particles was analyzed as a function of 

azimuth angle from the Pt NP-CB adhesion interface. 

No correlation was observed between the variation 

of (111) interplanar spacing and the azimuth, which 

implies that the Pt NPs are spontaneously strained 

without being influenced by the CB particles whose 

surface tension is not strong enough to deform the Pt 

NPs. 
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