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Abstract 

Individual Pt-Ru nanoparticles (NPs) supported on multiwall carbon 

nanotubes (MWCNTs) synthesized by microemulsion method were characterized by 

nano beam diffraction (NBD) and high resolution imaging in transmission electron 

microscopy (TEM). Comparing the TEM images and NBD to simulations provided 

insight into particle composition, structure and morphology in three dimensions. In 

particular, the NBD allowed us to detect various components of the individual NPs 

that would be difficult to observe otherwise. We find that the NPs contain four 

different components: Pt–RuO2,Pt–Ru, RuO2 and metallic Pt. Often an individual 

NP is composed of more than one component. The most frequently encountered 

external morphology is close to a spherical shape and ~3.7 nm in diameter. The 

collective properties of NPs’ assemblies were studied by thermogravimetry, 

differential thermal analysis and x-ray diffraction. The results allowed us to gain 

some insight into the relation of the NPs’ structure and composition with their 

catalytic performance, and revealed the presence of components not detectable by 

bulk methods. The electrocatalytic properties were evaluated by CO stripping, 

methanol oxidation and oxygen reduction. Bulk characterization methods miss many 

properties and structures present in the sample due to low volume fraction and due 

to overlap of reflections. Single NPs should be analyzed to obtain reliable indication 

of sample composition. 
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1. Introduction 
The performance of catalyst nanoparticles can be strongly affected by the 

presence of a small amount of highly active component in the nanoparticle 

population, differences in size, composition, shape and surface sites [1, 2]. 

Understanding the structure–properties relation is therefore key in identifying the 

active component of the NP population and in selecting a suitable synthesis method. 

Various structures have been proposed for Pt–Ru NPs on multiwall carbon 

nanotubes (MWCNTs) and black carbon, including core–shell NPs and Pt–Ru alloys 

[3], but experimental evidence supporting a particular case is limited. MWCNTs are 

used as an electro-catalyst support primarily due to their one-dimensional 

morphology and good thermal and electrical conductivity [4]. The MWCNT support 

performance often exceeds that of black carbon support [2, 5, 6]. The orientation of 

the individual Pt–Ru NPs relative to the MWCNT support also affects catalytic 

selectivity and sensitivity [7], but it is difficult to study. Here, we report extensive 

investigation about Pt–Ru NPs structure deposited on MWCNT and their 

electrocatalytic performance. In particular, we show that nano beam diffraction 

(NBD) has the capability to reveal the structure of nanoparticles made of several 

components. 

A transmission electron microscope (TEM) allows one to image individual 

NPs, but interpretation of unknown structure from high resolution TEM (HRTEM) 

images alone is notoriously difficult [8]. Electron beam-induced change of orientation 
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and/or structure [9]isof critical importance when studying small metallic particles. 

Nano beam diffraction (NBD) in a TEM mode using parallel illumination combined 

with low dose (low magnification) survey imaging allows one to obtain structural 

information at low irradiation dose [10]. NBD allows detection of small (about 5%) 

volume fractions of phases present within individual NPs by appearance of 

characteristic reflection for each phase [11]. NBD patterns interpretation is similar to 

standard selected area electron diffraction (SAED) and tends to be more reliable 

than interpretation of HRTEM images revealing internal structure of individual NPs. 

The difficulty in HRTEM interpretation arises from the phase contrast nature of 

HRTEM imaging where the contrast can reverse with sample thickness even for very 

small (a monolayer) sample thickness [12]. Annular dark field image, acquired by 

scanning transmission electron microscopy (STEM) images are easier to interpret, 

but often require high irradiation dose to collect high resolution images resulting in 

concerns on electron irradiation damage of the samples [10]. 

Platinum–ruthenium (Pt–Ru) bimetallic NPs can be used as an anode catalyst 

for direct methanol fuel cells (DMFC) [13] and direct ethanol fuel cells (DEFC) [14, 

15]. The interest in bimetallic catalyst NPs arises from enhanced catalytic 

performance compared to elemental NPs. For example, binary Au–Pd nanoparticles 

[16] have been used for solvent-free oxidation of primary carbon–hydrogen bonds in 

toluene. The interest in Pt–Ru stems from their promise to improve DMFC and 

DEFC performance and understand the mechanism. In particular, when Pt is used 

together with Ru, the NPs show high tolerance to presence of carbon monoxide 

(CO), which is frequently present in a fuel cell. Many methods can be utilized for 
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synthesis of bimetallic nanoparticles. They include co-precipitation, hydrothermal 

and inverse microemul-sion methods [17]. A suitable synthesis method must 

produce NPs with high catalytic activity and selectivity and with long term stability 

[18, 19]. Synthesis often yields samples that contain many types of NPs with wide 

variations in performance that depend on individual structure and morphology [20]. 

The NBD investigations appear to provide an avenue to gain insights needed to 

establish the relations between NP structure and properties. 

 

 
 

2. Experimental section 

2.1. Sample synthesis 

Pt–Ru NPs on MWCNT were prepared in a two-step process, first MWCNTs 

were prepared. Second, Pt–Ru NPs were synthesized and deposited onto 

MWCNTs. The MWCNTs were synthesized by spray pyrolysis method using iron 

ferrocene (Fe (C5H5)2) as a catalyst. The ferrocene was dissolved in toluene as 

described by Núñez et al [21]. The synthesis leaves Fe, Fe carbide or Fe oxides 

particles both on the outside and inside of the as-prepared MWCNTs. The Fe 

particles on the outside of the MWCNTs were removed completely by nitric acid 

(HNO3) wash, but the iron compound particles inside the MWCNTs could not be 
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removed, because they were encapsulated by the MWCNTs. The cleaned MWCNTs 

were then rinsed several times with tri-distilled water until the MWCNTs suspension 

reached pH = 7 and they were then filtered and dried. The Pt–Ru NPs were then 

dispersed onto MWCNTs. 

To obtain bimetallic Pt–Ru particles deposited onto MWCNTs, the Pt–Ru 

nanoparticles were first synthesized by standard microemulsion technique [22] using 

the water–oil system. The Brij 30 compound was used as a surfactant and heptane 

was used as the oil. The metallic precursor for Pt and Ru were hexacloroplatinate 

(H2PtCl6) and ruthenium chloride (RuCl3), respectively. The reducing agent was 

sodium boron hydride (NaBH4) for both precursors. The microemulsion molar ratio 

between water and surfactant was 3:18. To ensure that the Pt–Ru nanoparticles 

were bimetalic, the Ru precursor microemulsion was added into the Pt 

microemulsion, resulting in bimetallic intermicelar microemulsion. This bimetallic 

microemul-sion was then added to MWCNTs suspension in heptane and it was 

stirred for 24 h for adequate distribution and deposition of all intermicellar Pt–Ru 

microemulsion on the MWCNTs surface. 

Two batches of samples were prepared: one with 25 wt% nanoparticle 

loading and the other with 10 wt% loading. The expected fraction of bimetallic NPs 

with respect to MWCNTs was estimated from the synthesis parameters. For the 

nominal 25 wt% batch, the expected fractions of bimetallic NPs with respect to 

MWCNTs were 25 wt% (Pt 19.7 wt%and Ru 5.6 wt%, respectively, see table 1). The 

nominal 10 wt% nanoparticle loading sample was prepared with the expected 

loading Pt 7.6 wt% and Ru 1.96 wt%. The two batches of samples at 25 w% and 10 
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wt% loading allowed us to compare the electrochemical results. For easy 

identification the samples were named according to their composition, as shown in 

table 1, together with the exact composition obtained by inverse microemulsion 

method. 

2.2. Characterization and electrochemical activity measurement 

Thermogravimetry (TG) and differential thermal analysis (DTA) technique for 

bulk samples were performed using TA-instruments SDT 2920. Samples were 

heated in a platinum-cup from room temperature up to 750 °C with 10 °C min−1 

heating rate. The TG-DTA studies were performed under dry air flow to oxidize the 

MWCNTs, removing carbon and leaving the metallic compound only. The main 

purpose of analysis by TG-DTA is to quantify the metallic (Pt–Ru) content in the 

functionalized MWCNTs and to obtain a baseline reference value. X-ray diffraction 

(XRD) patterns were obtained using an analytical X-pert pro alpha-1 diffractometer 

using Cu Kα radiation (λ = 0.15406 nm) in the θ − 2θ Bragg–Brentano arrangement. 

Nano beam electron diffraction (NBD) patterns were acquired using a Hitachi 

HF-3300 transmission electron microscope (TEM), equipped with cold field emission 

gun and three-lens condenser system, operated at 300 kV. The instrument permits 

the formation of a sub-5 nm probe with beam convergence angle below 0.3 mrad [8, 

9]. Under such conditions, it was possible obtain parallel-beam-like diffraction 

patterns from individual Pt–Ru NPs on MWCNTs. High angle annular dark field 

(HAADF) images were acquired on probe aberration-corrected JEOL JEM2200FS 

scanning transmission electron microscope operated at 200 kV. The beam 

convergence semi-angle was approximately 28 mrad. The HAADF collection semi-
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angle was from 100 mrad to 170 mrad. The microscope is also equipped with an 

Oxford Inca model x-ray energy dispersive spectroscopy (EDS) for elemental 

microanalysis. TEM specimens were prepared by dispersing and sonicating the 

sample in methanol for 2 min, a drop of this suspension was then put onto a holey 

carbon coated copper grid and allowed to dry in laboratory air. The electron 

diffraction patterns were simulated using CaRine crystallography V3.1 and 

SimulaTEM [23] software. The SimulaTEM allows one to take into account the 

shape and size of nanoparticle in diffraction pattern simulations. The images and 

diffraction patterns were simulated using an appropriate unit cell for internal structure 

of a nanoparticle and Mackay icosahedra to account for particle shape [24]. The 

atomic coordinates within the MacKay icosahedra were generated using an existing 

Matlab™ code [25]. 

The electrocatalytic properties were tested by dynamic potential 

electrochemistry. The measurements were performed at 25 °C using a potentiostat 

in a thermostated three-electrode electrochemistry cell. A plate of glassy carbon 

(GC) was used as a working electrode (diameter 3 mm). A reversible hydrogen 

electrode (RHE) was connected to the working electrode compartment through a 

Luggin capillary in 0.5 M H2SO4 aqueous electrolyte, which was the reference 

electrode. The oxygen reduction reaction (ORR) measurements were carried out 

using rotating disk electrode (RDE) with 0.07 cm2 geometric surface area, at 

different angular speed rotation. The same sample was used in cyclic 

voltammogram (CV) and OOR study techniques. To evaluate suitability of the NP-

loaded MWCNTs as an electrode the samples were prepared by mixing 10 mg of the 
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NP-loaded MWCNTs in 0.25 mL Nafion® (5 wt% in water/aliphatic alcohol solution) 

with 1.25 mL ultra-pure water. The samples were sonicated for 1 h; 3 μL of the 

resulting solution was deposited onto the GC electrode and was dried under nitrogen 

atmosphere. CVs were recorded in nitrogen-saturated electrolyte solution between 

0.05 and 1.4 V at 50 mV s−1 as a scan rate. First, 20 cycles were performed to 

stabilize the system. Linear current–potential curves for ORR were recorded from 

1.0 to 0.05 V versus RHE in oxygen-saturated solution at different angular scan 

speed rates. CVs were also recorded in nitrogen-saturated methanol 0.5 M in 

H2SO4 0.5 M with the same starting and stopping potentials. The ORR curves were 

also measured in oxygen-saturated and methanol at 0.5 M H2SO4 + 0.5 M 

 

 
CH3OH; these measurements were made using rotating electrode at different 

angular scan speed rates, in order to evaluate both the tolerance to pollutants during 

the ORR and to know their selectivity of the material. 

3. Results and discussion 

3.1. Average properties from large volume sample 
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Bulk sample analysis can provide an estimate of sample average composition 

and structure. However, an attempt to link sample (catalytic) properties with 

composition and structure obtained by bulk analytical methods can result in a 

misleading interpretation: a particular structure or composition that can be below 

detection limit of bulk analytical techniques can have a profound effect on catalytic 

performance of the sample [26]. Due to their widespread use and to obtain reference 

values, we first evaluate the sample bulk properties, composition and structure by 

TGA-DTA, XRD and broad electron beam selected area diffraction in a TEM. 

Thermogravimetric measurements show the thermal stability of the 

functionalized MWCNTs. They were used to quantify the metallic content of the Pt–

Ru NPs-loaded on MWCNTs. Purified MWCNTs without Pt–Ru loading were used 

as a reference. Figure 1 shows TG-DTA curves for the purified MWCNTs (red) and 

PtRu25 (blue) samples, respectively. The red curve shows that the purified 

MWCNTs start to decompose at 530 °C and the decomposition appears to be 

complete at 650 °C. The reaction is exothermic, as shown by the DTA (red dots). In 

the case of the sample loaded with Pt–Ru NPs, there is a broad region of mass loss 

from 120 to 350 °C likely resulting from the removal of organic residue from 

surfactant used to synthesize the NPs. The decomposition and oxidation of the 

PtRu25 sample is also an exothermic reaction, (blue dotted DTA curve). The 

decomposition starts at 350 and ends at 550 °C. This is about 180 °C lower than for 

the MWCNTs reference sample without NPs. A likely explanation is that the active 

Pt–Ru NPs on the surface of MWCNTs catalyze carbon oxidation, suggesting that 

the amount of the metal on the MWCNTs surface has a considerable influence on 
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MWCNTs thermal stability. A possible mechanism is that MWCTNs oxidation 

accelerates the desorption of CO2 from carboxyl groups of the functionalized 

 

 

MWCNTs surface. At 550 °C the MWCNTs with NPs are completely burned 

leaving about 26% of the weight of PtRu25 sample corresponding to the Pt–Ru 

residue. For comparison, the purified MWCNTs weight residue is about 3.3% arising 

from encapsulated iron catalyst used for the synthesis of the MWCNTs. The 

difference in the residual weight of the Pt–Ru-loaded and pure MWCNTs samples 

provides an estimate of the Pt–Ru fraction contained in the functionalized PtRu25 

sample. The fraction of metallic residue in the PtRu25 sample is close to the nominal 

metallic load quantity used in the synthesis process (25 wt% see table 1). The 

metallic residue quantity (3.3 wt%) observed in the purified MWCNTs is attributed to 

the iron encapsulated inside of the MWCNTs during the synthesis process that 

cannot be removed by the HNO3 wash step described earlier. 
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X-ray diffraction was performed to further investigate the bulk properties of the 

NP-loaded MWCNTs sample. This technique provides good statistics suitable for 

investigation of average structure of the bulk material, but cannot detect phases 

present in less than about 10% volume. Figure 2 shows XRD patterns obtained from 

three samples: purified MWCNTs, Pt10 and PtRu25. All of them exhibit two strong 

diffraction peaks with 3.4 Å and 1.74 Å, d-spacings belonging to (002) and (004) 

arising from MWCNTs graphitic planes, respectively. Two additional peaks are 

present in the PtRu25 sample, observed at 2.26 Å and 1.96 Å. They belong to (111) 

and (200) metallic Pt d-spacings with fcc structure. Using XRD the structure of the 

sample with Pt–Ru nanoparticles can be attributed solely to fcc Pt nanoparticles; the 

Ru, Pt–Ru and other phases cannot be reliably detected. The diffraction peaks 

around 44 degrees arise from Fe carbides or metallic Fe which were encapsulated 

inside the MWCNTs, during the synthesis process. 
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Comparing the pure MWCNTs and Pt–Ru loaded sample XRD data indicates 

that functionalization of the MWCNT by Pt–Ru NPs does not result in modification of 

the MWCNTs structure. Broad beam selected area electron diffraction (SAED) 

patterns obtained in a TEM (not shown) collected from PtRu25 sample contains 

rings which can be assigned solely to fcc Pt NPs and to MWCNT. 

TG-DTA, XRD and SAED techniques provide average structure of the 

samples, but cannot be used to study composition and structure of individual NPs. 

Average properties provide good statistics as the data is averaged over a large 

number of NPs, but suffers from poor ability to detect low volume fraction of 

particular structure that can be present and can be important for the catalyst 

performance. Unfortunately, often average properties obtained from bulk samples 

are the only evidence used. Various structures for Pt–Ru NPs, such as core–shell 

[27], alloys [28, 29], linked monometallic nanoparticles [18], bimetallic [30] and 

others [31] were proposed, but there is no clear experimental evidence for any 

particular one. Therefore, we investigate the structure and composition of individual 

Pt–Ru NPs in the following paragraph. 

3.2. Characterization of single Pt–Ru nanoparticles 

For practical applications of NPs, such as DMFC and DEFC, it is important to 

understand the role of the structure and composition variations among particles [32–

34]. The first step in linking the structure and morphology and catalytic activity of 

NPs to their structure is to obtain a structure of a sufficient number of individual NPs. 

This will provide an insight into the variation in compositions and the structure of the 

NPs. In this paragraph we discuss the elemental composition and structural 



https://cimav.repositorioinstitucional.mx/ 
 

13  

characterization of individual NPs. 

Quantitative elemental analysis of individual NPs was performed by EDS in a 

probe-corrected electron microscope JEOL 2200 FS. The probe was positioned on 

individual NPs in scanning transmission electron microscopy (STEM) mode. The 

EDS spectra show that Pt and Ru ratio varies for each particle. Figure 3 shows the 

elemental composition values distribution from approximately sixty particles. The 

measured Ru content is between zero and 34 wt% while the Pt content is between 

62 wt% and 100 wt%. On average, the particles contained about 14 wt% of Ru and 

86 wt% of Pt, respectively. 
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The 14 wt% Ru content is lower than the 28 wt% nominal content expected 

from the NPs synthesis parameters (see table 1). Figure 3 shows that NPs 

composition varies from 100 wt% Pt to particles with nearly 35 wt% of Ru. It is not 

expected that the Pt/Ru ratio would be affected by electron beam induced radiation 

damage [35] although the NP structure and oxygen content can be affected. 

The Pt–Ru NPs size distribution and spatial separation on the MWCNTs will 

be discussed here for the PtRu25 sample. The NPs spatial distribution on MWCNTs 

as well as their size distribution was obtained by bright field TEM and STEM in bright 

field and high angle annular dark field (HAADF) modes. Figures 4 and 5 show typical 

morphology of Pt–Ru NPs and their location on the outside surface of MWCNTs. 

The NPs were always localized outside of the MWCNTS when the sample was tilted 

up to ±50 degrees. 

 

 
Most of the Pt–Ru NPs are well separated and have approximately uniform 

distribution along the MWCNTs. We did not observe significant agglomeration of the 

NPs. The presence of lattice fringes in figure 5(b) indicates that individual NPs are 

crystalline. The most frequently observed d-spacings coresponds to (111) planes of 

Pt. The NPs exhibit round projected shape, with weak facetting. Although the 
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composition measured by EDS (see figure 3) indicates variation of the Pt to Ru ratio 

in individual NPs, the lattice spacing and shape seen in figures 4 and 5(b) do not 

allow differentiation of the various types of NPs in composition: all have 

approximately round shape and exhibit plane spacing close to (111) planes of fcc Pt. 

Figure 6 shows the histogram of particle size distribution (PSD). The PSD was 

based on data from both BFTEM and HAADF STEM images, although HAADF is 

more convenient due to its high contrast [36]. The average particle diameter is D = 

(3.7 ± 0.4) nm. The distribution appears to be log-normal. The small standard 

deviation, 0.4 nm, indicates narrow particle size distribution. The 3.7 nm mean 

particle diameter corresponds to approximately 1500 atoms within each individual 

particle, i.e. about 380 unit cells within each nanoparticle. This narrow distribution 

demonstrates the methodology synthesis; it is good for controlling the size of NPs. 

It is notoriously difficult to interpret unknown structure from an HRTEM or 

STEM images alone. Furthermore, the electron irradiation dose needed to obtain a 

high resolution TEM image tends to be high, possibly leading to sample radiation 

damage for example by removal of the light elements (oxygen) and consequent 

change of NP structure [33]. NBD provides interpretable information at doses 

several orders of magnitude lower than needed for HRTEM images [8]. Using NBD 

can also detect phases present in small volume fractions (down to about 5%) in 

individual NPs rather than in the entire bulk sample. NBD also allows one to analyze 

NPs with orientations away from low-index zone axis that are not suitable for 

HRTEM or STEM analysis [9]. In figures 7 to 10 we present example NBD patterns 

collected from individual NPs; these were compared with simulated NBD patterns. 
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Figure 7(a) shows HRTEM image of a single particle on an MWCNT. The 

0.34 nm spacing of graphite sheets within the MWCNT walls can be clearly seen 

and used as an in situ calibration standard for camera length and for images, they 

are marked with two black arrows in the image. 

 

 
 

Figure 7(b) shows experimental NBD pattern from the same nanoparticle as 

in figure 7(a). The two symmetric reflections marked with arrows close to the central 

<000> beam belong to the 0.34 nm d-spacing of MWCNT graphitic sheets. All other 

reflections originate from the Pt–Ru nanoparticle. The pattern indexing of figure 7(b) 

is shown in figure 7(c). All observed d-spacings arise are from RuO2 with tetragonal 

structure with the [12-3] direction close to parallel with the incident electron beam. 

There is a disagreement between expected angle involving for (111) and (2–10) 
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planes (should be approximately 77.2 degrees) while the observed angle is 

approximately 82 degrees, but the measured d distance for hkl spacing suggests 

RuO2 as the only possibility. There are more additional spots on the first and second 

circle marked in figure 7(c). The disagreement between measured and expected 

angle values for bulk RuO2 can be explained by deformation arising from the small 

size of the RuO2 particle compared to bulk. Similar observations were reported in 

gold and nickel [37]. Figure 7(d) shows simulated NBD for tetragonal RuO2 along 

the [12-3] zone axis. Figures 7(b) and (d) show a good agreement between 

experiment and simulation for RuO2. Figure 7 and its interpretation shows that NBD 

allows one to identify a single crystallographic phase that was not interpretable from 

HRTEM image alone. 

In figure 8 we show that NBD allows one to detect and unscramble 

composition of an individual NP made up of two phases. Figure 8(a) shows two 

isolated particles on an MWCNT. The corresponding NBD pattern from one of them, 

marked by a circle (figure 8(a)) is shown in figure 8(b). The two spots marked with 

the arrows near the center belong to the 0.34 nm planes of the MWCNT. The NBD 

reflections in the figure 8(b) can be assigned to two crystallographic phases: one set 

of reflections belongs to metallic Pt while the other belongs to tetragonal RuO2 

phase. Figure 8(c) shows the metallic fcc Pt reciprocal lattice oriented with the [1-1-

2] direction parallel to the incident beam. Figure 8(d) shows the tetragonal RuO2 

with [-1-23] axis parallel to the electron beam. Using the known structure for both fcc 

Pt and tetragonal RuO2 it is possible to simulate the diffraction pattern for each 

particle to confirm the indexing, as shown in figures 8(e) and (f), respectively. Based 
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on the NBD pattern in figure 8(b) this nanoparticle is composed of fcc Pt and 

tetragonal RuO2. Both particles have parallel planes, which are marked by circles in 

figures 8(c) and (d) revealing that the Pt (402) planes are parallel to RuO2 (−242) 

planes. Therefore, the Pt {111} (0.265 nm) planes interface with the RuO2 {200} 

(0.251 nm) planes. The measured angles, in addition to the d-spacing, were the key 

to detection of both fcc Pt and RuO2 in this NP. 

Figure 9(a) shows bright field TEM image of particles on another MWCNT. 

The particle orientation is such that d-spacing cannot be seen in an HRTEM image. 

Yet the NBD in figure 9(b), obtained from NP marked by a red circle in figure 9(a) 

shows interpretable reflections. Reflections from the MWCNT are along the green 

line in figure 9(b) showing (002) and (004) planes, respectively. The rings shown in 

figure 9(b) belong to metallic Ru (red) and Pt (blue) as labeled in figure 9(d). The 

strong reflections of metallic fcc Pt are along the [-123] zone axis, as shown in figure 

9(c). Therefore, this particle is composed of metallic fcc Pt and metallic hexagonal 

Ru; it is a bimetallic particle. 

The analysis of these typical NPs interpretation demonstrated how the 

information that is not available from bulk analytical methods can be obtained when 

individual NPs are investigated by NBD. The information on composition and phases 

present in individual particles can be crucial for understanding the catalytic 

performance of the samples. 

In this paragraph we demonstrate how shape, in addition to structure, of an 

NP can be inferred from NBD patterns. Figure 10(a) shows an HRTEM of 

approximately round-shaped particle on an MWCNT. The corresponding NBD from 
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this particle is shown in figure 10(b). Most reflections in the NBD are curved and 

elongated rather than spots. The appearance of these diffraction spots arises from 

shape of the nanoparticles [10] and can therefore be used to obtain information on 

the NP shape. The reflections of the first d-spacing circle appear to be doubled while 

on the third circle the spots are elongated and curved. The relative intensity and 

shape of the reflections have mirror symmetry with respect to a line indicated by the 

red arrow in figure 10(b). Figure 10(c) shows that all reflections are on a circle with 

d-spacings values that belong to metallic fcc Pt particle. Figure 10(d) shows five-fold 

mirror symmetry of the pattern as observed in quasicrystals [38]. 

To investigate the origin of the curved spots and their symmetry, we simulated 

a diffraction pattern for a nanoparticle with Mackay icosahedra shape. The simulated 

particle was built using fcc Pt atom coordinates generated using a Matlab script [23]. 

The simulated particle was composed of 1500 Pt atoms as expected for the 

measured ∼3.7 nm NP diameter. Diffraction patterns for this particle shape were 

simulated using SimulaTEM software [21]. 



https://cimav.repositorioinstitucional.mx/ 
 

20  

 

 



https://cimav.repositorioinstitucional.mx/ 
 

21  

  
 
 

 

 Figure 11(a) shows DP oriented exactly along the [011] zone axis. This 

simulated pattern shows clear five-fold symmetry similar to the experimental pattern 

in figure 10(b). The Mackay icosahedra overall shape is shown in the top left inset of 

figures 11(a) to (d). Figure 11(a) simulates a pattern exhibiting ten spots on the first 

circle with elongated, curved shape. This can be clearly observed in the central part 

of the simulated DPs; shown in the inset at the bottom right of figures 11(a) to (d). 

The simulated patterns shown in figures 11(b), (c) and (d) were generated by 

rotating the simulated particle around its x-axis 4°, 8° and −10° tilt angles, 

respectively, remaining close to the expected [011] zone axis. The diffraction 

patterns retain five-fold symmetry, but in the first, the d-spacing circle shows two 

spots close to one another while the curved shape of the spots remains unchanged. 

The simulated patterns for 4° and 10°tilt angle, show a horizontal mirror symmetry 
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that is not observed when the particle is oriented exactly on zone axis indicating that 

exact orientation can be retrieved from the NBD patterns of NPs. This can be of 

importance when studying orientation of NPs relative to a supporting substrate. The 

simulated pattern which appears to a best match to the experimental data in figure 

10(b) is shown in figure 11(f), for this purpose the simulated NP oriented along [011] 

zone axis was rotated around x-axis and y-axis by 5° and 3° tilting angle, 

respectively. 

 

 
 

Consequently, the NP shown in figure 10(a) is likely to be a Mackay 

icosahedra Pt particle; similar shaped NPs were reported for Au, but not for Pt 

although both Pt and Au have the same fcc structure [39]. 

The NBD results show that, although of similar morphology and size as 
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observed in TEM and STEM images, the Pt–Ru nanoparticles are composed of 

several distinct structures and compositions such as RuO2,Pt–RuO2,Pt–Ru and fcc 

Pt particles. The HREM imaging does not allow one to distinguish the phases and 

could be hindered by radiation damage even in the highest resolution TEM/STEM 

instruments available; NBD on the other hand provided enough information for 

reliable identification of structure even in the case where two compounds are 

present in each NP and allowed to retrieve the shape of an NP. 

The fact that the Pt–Ru NPs are made up of various structures and 

compounds can have significant impact on understanding the DMFC and DEFC 

electro catalysis, because the catalytic action of the various types (in terms of 

composition and structure) NPs is likely to vary. 
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For example, it was reported that the RuO2 linked to Pt resulting in the same 

NP improves the electocatalytic oxidation of methanol for DMFC [31]. It was also 

reported that an optimum Pt and Ru composition is desirable for improved DMFC 

and DEFC performance [32]. 

3.3. Electrochemical performance 

The paragraphs above discuss the shape, elemental composition, crystal 

structure and size distribution of the Pt/Ru NPs. Although their size distribution is 

very narrow, the EDS mapping revealed that the chemical composition of the NPs is 

far from uniform and the NBD revealed that a single NP can be composed of 

multiple components including oxides of Pt and Ru. In this section we discuss the 

electrochemical properties of the PtRu25 material including carbon monoxide (CO) 

stripping voltammetry, methanol oxidation activity and oxygen reaction activity. 

We then attempt to make a link between the performance and the 

composition. We also include the electrocatalytic results from samples Pt10 and 

PtRu10 for comparison purpose with PtRu25. We focus on the performance of the 

PtRu25 sample which was studied in detail by EDS and NBD techniques. 

3.3.1. Carbon monoxide stripping voltammetry.  

One of the main challenges to overcome in the fuel cell technology is 

developing at the anode electrocatalysts that are tolerant to CO at ~50 ppm 

concentration. It is well known that CO strongly adsorbs on the Pt active sites 

preventing oxidation of H2 at those sites. Carbon monoxide stripping voltametry can 

be used to determine the electrochemically active surface (EAS) and the number of 

active sites of the catalyst. This technique is used to study the electrocatalytic 
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reaction and oxidation from CO to CO2 on the surface of the nanoparticles [40]. 

Figure 12 shows the cyclic voltammograms (CVs) for CO stripping test obtained 

from Pt10, PtRu10 and PtRu25 samples. For the last sample the increasing voltage 

of the CV curve shows the following processes: CO adsorption, oxidation from CO to 

CO2 and CO2 molecules desorption-peak located around 0.67 V. From the 

characteristic oxidation peak intensities, corresponding to CO oxidation to CO2, the 

Pt–Ru compounds are higher than for the pure Pt NPs on MWCNTs (sample Pt10). 

Additionally, the peak shifts toward lower voltage with increasing Ru content 

(changes from 0.83 V to 0.67 V for Pt10 and PtRu25 samples, respectively). 

 

 
 

The peak voltage shifts toward lower values for up to at least 25 wt% Pt-Ru 

on MWCNT. Therefore, this shift can be attributed to the increased Ru content, the 

NBD reveals a variety of Ru metallic and oxides linked to Pt NPs, thus making it 

difficult to assign the voltage shift due to the particular compound. In the PtRu25 

material, the Ru presence facilitates the CO oxidation due to the OH species 

chemisorbed on the Ru active sites, following reactions 1 and 2 [41]. 
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Here QCO is the charge arising from CO oxidation, E is the potential (V), ν 

the sweep rate (5 mV s−1) and j the current density (A cm−2). The integration limit, 

i.e. the oxidation range from CO to CO2, was taken over the range marked by blue 

arrows for PtRu25 sample in figure 12. The measurements of EAS were determined 

by dividing QCO value by 195 uC cm−2 (charge density of bulk polycrystalline Pt 

value). The resulting EAS values are shown in table 2. 

Table 2 shows that the highest EAS value was observed for the PtRu25 

sample. The EAS values are obtained by assuming CO adsorption on the Pt side 

part of the NPs only. No absorption is assumed on the, Ru or RuO2 part of the NPs. 

This is in agreement with equation (2) which shows that the CO adsorption takes 

place only on the Pt surface and not on the surface of Ru or RuO2 [38]. The surface 

area of exposed Pt atoms is reduced due to the presence of Ru compounds on the 

surface of NPs. However, the number of active Pt surface sites on the compound 

particle increases because the Ru and its compounds linked to Pt protect or avoid 

the poisoning of the Pt EAS ‘sites’. The mechanism is still being discussed [42]. 

While our results do not provide understanding of the mechanism, the NBD results 

reveal and confirm the existence of the various Ru and Ru oxides which can be 

critical in shedding some light on it. 
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Figure 12 shows that the adsorption (negative j values) and desorption 

(positive j values) parts of the CV curve are symmetric for PtRu25 sample. It 

indicates that the reaction has 100%yields, it is complete; no CO remains unreacted 

in the PtRu25 sample. The Pt10 and PtRu10 samples do not exhibit such symmetry 

of CV curves. The difference between PtRu25 and Pt10 and PtRu10 samples 

suggests, there is an optimum composition for Pt–Ru NPs. 

Figures 4 and 5 show that the NPs are well dispersed on the MWCNTs 

suggesting that the EAS cannot be increased further by improving NPs dispersion. 

Consequently the EAS limit could be set by the amount of available Ru and its 

oxides linked to Pt. The determined EAS values and high tolerance to CO contents 

in the sample PtRu25 suggest that the material may be suitable for use as an anode 

for PEM fuel cells. 

3.3.2. Methanol oxidation activity.  

This type of experiment provides a measure of a material's ability to oxidize 

methanol to determine if the material can be used as an anode. The experiment was 

carried out at potential rate of change 50 mV s−1 in 0.5 M H2SO4 + 0.5 M CH3OH 
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electrolyte with nitrogen gas purges. The CH3OH electro-oxidation follows two 

alternative reaction pathways depending on whether CO adsorbed on the 

electrocatalyst material. 

 

Figure 13 shows CVs for samples’ suitability for methanol oxidation. The y-

axis value for the Pt10 sample is on the right hand side while for PtRu10 and 

PtRu25, the y-axis values are on the left hand side. Figure 13 shows that the 

electrochemical activity of Pt–Ru on MWCNTs increases with increasing Pt–Ru 

loading up to the 25 wt%, the maximum loading investigated in this work. The 

forward scan for the PtRu25 exhibits an onset potential Eonset = 0.51 V for 

methanol oxidation. The current density increases rapidly with potential and reaches 

a maximum current density jmax = 8.1 mA cm−2 at Emax = 0.84 V. The peak at 0.84 

V can be attributed to the oxidation of methanol on catalyst surfaces. During the 

reverse scan, the peak current density reaches 6.03 mA cm−2 at 0.62 V, which can 

be ascribed to the incomplete removal of carbonaceous species originating from 

partially oxidized methanol formed in the forward scan [43]. 
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The Eonset and Emax values for samples Pt10 and PtRu10 are shown in table 3. 

The Pt10 sample has the lowest jmax value. The increase in Ru content leads to 

corresponding increase in jmax. The jmax value for the PtRu25 sample increased 60 

times (compared to the Pt10 sample). At the same time, the onset and maximum 

peak potentials of methanol oxidation are observed at 0.56 and 0.86 V for PtRu10, 

respectively, which is more positive than the corresponding value of Pt10 sample. 

Furthermore the PtRu25 sample has higher tolerance to CO poisoning compared to 

only Pt10, as witnessed by the higher amplitude of the forward and reverse peaks in 

the CV for PtRu25 sample. It appears that the ability of the PtRu25 material to 

tolerate CO makes a possible candidate for PEM fuel cell application. 

3.3.3. Oxygen reduction reaction. Oxygen reduction reaction (ORR) measures 

the capacity of the material to generate oxygen ions by reacting with H+ to form 

water. The ORR curves were acquired at several angular velocities of a rotating 

electrode (400, 900, 1225, 1600, and 2500 rpm) for the PtRu25 sample in the 

presence of molecular oxygen in 0.5 M H2SO4 at 25 °C with 5 mV s−1 voltage scan 
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rate. 

Figure 14 shows ORR curves for the PtRu25 sample. First, to verify whether 

the oxygen reduction occurs in the sample, a control experiment was performed in 

N2 atmosphere. No current flow was observed in this experiment at 1600 rpm. 

Typically, three distinct regions of the ORR curves can be observed as a function of 

the RHE voltage (RHE is a reference electrode—see section 1.2). 

 

 
Within region I, the current is independent from the rotation speed. In region II 

the electrochemical reaction is controlled by both kinetic and diffusion processes. In 

region III the mass transfer diffusion current depends on the rotational speed. All 

these three regions are indicated in the lower part of the figure 14. 

The polarization voltage curves for different angular velocities in oxygen 

atmosphere change show systematic increase in current density j with increasing 

angular velocity. This can perhaps be assigned to enhanced diffusion of oxygen 

towards the active Pt–Ru on MWCNT material. In the PtRu25 sample current flow 

starts at about 0.88 V bias voltage, while for the Pt10 sample the onset is at 0.75 V. 

The maximum current density at 2500 rpm due to oxygen reduction at 0.3 V for Pt10 
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sample appears to be about −2.75 mA cm−2, while the PtRu25 sample exhibits a 

higher current density of −4.9 mA cm−2 under the same conditions. Figure 14 also 

shows the result for purified MWCNT; it starts to oxidize around 0.2 V cathode bias. 

Not surprisingly, the purified MWCNTs do not exhibit catalytic activity for oxygen 

reduction. The results in figure 14 indicate that the sample PtRu25 may be suitable 

for ORR and generates acceptable cathode current density. 

Figure 15 illustrates the methanol tolerance of the samples. The ORR 

experiment was repeated maintaining the same experimental conditions as in figure 

14 but with methanol added. The measurement was carried out using 0.5 M H2SO4 

+ 0.5 M CH3OH solution saturated with oxygen and nitrogen. The PtRu25 sample 

under nitrogen atmosphere (i.e. without oxygen) shows strong oxidation current 

density peak at 0.77 V. Experiments under oxygen saturation do not show this peak 

that is the characteristic response of methanol oxidation. This means that PtRu25 

sample shows selectivity to oxygen reduction in the presence of methanol. A control 

experiment for MWCNTs without Pt–Ru NPs yielded no measurable current, 

confirming that the MWCNTs are inert without the presence of the NPs. 

The PtRu25 material exhibits a potential 0.86 V versus RHE (figure 15) for 

methanol oxidation. But in comparison the potential for ORR is at 0.96 V versus 

RHE (figure 14). Then, the PtRu25 material may be a good candidate for oxygen 

reduction reaction (despite the methanol oxidation) which is an important 

consideration for DMFC applications. The key is that the PtRu25 selectively reduces 

oxygen even in the presence of fuel (methanol). 
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The other important characteristic of the electrocatalysts is their capacity to 

generate current and the current limit under both experiments ORR and ORR in the 

presence of methanol (figures 14 and 15, respectively). The difference in observed 

current densities at 2500 rpm and 0.3 V between Pt10 and PtRu25 samples may be 

worth noting. The current density in the presence of methanol (fuel) (figure 15) is 3.4 

and 5.7 mA cm−2 for Pt10 and PtRu25 samples, respectively. This difference in 

values indicates that the PtRu25 yields 67% more current than Pt10. Without 

methanol presence (figure 14) the maximum current density for PtRu25 is 

5mAcm−2, which is lower than in the presence of methanol as a consequence of 

oxygen presence. 

4. Conclusions 
The catalytic performance of a material could depend on trace amount of a 

phase that may not be detectable by bulk methods, such as XRD and selected area 

diffraction. Individual particles must be analyzed to detect phases that are present in 

small amounts. HRTEM or ADF STEM may appear to be a suitable choice, but in 

many cases a high resolution TEM or STEM image is not sufficient to reliably detect 

the presence of various phases in NPs and determine their structure and mutual 

orientation. The HRTEM imaging limitations arise from phase contrast nature of the 

image contrast; correct interpretation of contrast of phase images is far from trivial 

even when radiation damage is not a concern. Annular dark field STEM methods 

may offer images easier to interpret, but typically require high electron irradiation 

dose resulting in damage of the sample. Both HRTEM and ADF STEM methods 

need the studied NP to be close to a low index zone axis. In our example XRD, 
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SAED and thermogravimetry techniques show average properties and incorrectly 

identify all the particles such as metallic Pt particles. EDS revealed that the 

elemental composition of individual particles spanned many compositions from pure 

Ru to pure Pt. Nano beam diffraction (NBD) of individual NPs allows one to directly 

interpret the structure and orientation of phases within individual NPs. Using NBD it 

was possible to identify the presence of RuO2,Pt–RuO2,Pt–Ru and Pt particles on 

MWCNTs. An example of Pt nanoparticle was given where the shape (faceted 

Macky icosahedra) was retrieved from NBD pattern. While interpretation of such 

experiments is tedious, they have the potential to provide insight into the structure–

properties relation of catalyst nanoparticles. This knowledge in turn can be used to 

tune the NP synthesis process to optimize the material catalytic properties. From the 

electrocatalytic test, the studied material exhibits acceptable performance to be 

considered as a cathode or anode according to the particular interest application. 
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