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利用 X 光吸收光譜研究鉑原子在釕奈米顆粒的置換反應 

研究生：張立忠                  指導教授：吳樸偉 博士 

李志甫 博士 

 

國立交通大學加速器光源科技與應用碩士學位學程 

 

摘要 

置換反應為一個新穎的觸媒製備方式，對於直接甲醇燃料電池陽極或陰極觸媒都有相關

的應用。該方法解決了傳統觸媒製備時遭遇的問題，例如貴重金屬的乘載量太高和使用率太

低。利用置換反應所製備的觸媒可以降低貴重金屬的承載量到單一原子層或甚至更低。可以

提升貴重金屬參與觸媒反應的使用率，減少貴重金屬的浪費便可以降低燃料電池系統單價。

然而，置換反應的反應機制相當複雜，需要投入更多的研究加以釐清。藉由增加對反應過程

的基礎知識，使得置換反應所製備出來的觸媒得以最佳化。 

在本研究中，置換反應中所參與的元素為鉑與釕。選擇這兩個元素做為研究對象的原因，

除了鉑釕合金之間會進行置換反應外，鉑釕合金也是一個效能優異的直接甲醇燃料電池陽極

觸媒。首先，我們使用化學還原法製備的碳承載之釕奈米顆粒，緊接著將他們浸泡入鉑的前

驅物中進行置換反應後進行分析。並且，在不同酸鹼值下的鉑前驅物，對於釕的置換反應中

的影響也進行深入的探討。研究方法主要使用 X 光吸收光譜來鑑定置換反應過程中，鉑的氧

化價數和微結構變化情形。同時，釕的氧化價數和微結構變化也進行分析，使得我們可以分

別用鉑與釕的變化建構一個合理的反應機制。另一方面，由穿透式電子顯微鏡得知釕奈米顆

粒均勻分布在碳的承載物上，並且置換上鉑之後的顆粒大小並沒有明顯的變化；X 光繞射圖

顯示釕受到了鉑的影響，晶格有變大的情形；能量分散 X 光譜儀和感應耦合電漿質譜分析儀

指出置換反應中，鉑的沉積量和釕被置換的量受鉑前驅物酸鹼值有相當的影響。 
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總結以上分析結果，利用置換反應將鉑沉積在釕奈米顆粒的反應過程中：鉑離子被釕還

原至較低的氧化價數並沉積在釕奈米顆粒的表面，而釕氧化成離子並解離入前驅物水溶液當

中。然而，鉑並非直接與釕形成鍵結，是藉由氧的嫁接形成鍵結在釕的表面。  
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Abstract 

 

An investigation to the displacement reaction mechanism for Pt on Ru/C nanoparticles was 

carried out by analyzing the immersion of Ru/C nanoparticles into hexachloroplatinic acids with 

various pH values. X-ray diffraction patterns indicated slight Ru lattice expansion of Pt deposition. 

The exact variation of Pt and Ru during displacement reaction was determined by inductively 

coupled plasma mass spectrometry, which suggested that the dissolution of Ru was mainly resulted 

from the displacement by Pt. The Ru/C and PtRu/C were approximately 2 to 3 nm in sizes from 

TEM images from transmission electron microscope. Energy dispersive x-ray spectroscopy 

determined the composition of Pt on Ru nanoparticles. X-ray absorption spectroscopy analysis 

provided a detailed reaction mechanism which indicated that Pt cations were reduced to moderate 

oxidation states or merely physically adsorbed contingent on the types of complexing ligands. In 

addition, the Pt was deposited onto Ru through bridged-oxygen instead of forming a direct Pt-Ru 

bonding during displacement reaction. 
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Chapter 1 Introduction 

1.1 Background 

 

The Galvanic displacement reaction has received considerable attention and research effort as 

one of important methodologies to prepare platinum-based anode and cathode catalysts for direct 

methanol fuel cells (DMFCs), in order to achieve dramatic reduction of precious metal content and 

improvement of mass activity. Nano-sized catalysts including mono-layers, clusters and alloys are 

formed based on displacement reaction, because the replacement of non-noble metals by noble 

metals provides the manipulation of surface atomic morphology. 

Similar phenomena observed by Adzic et al and were described as spontaneous deposition or 

irreversible adsorption. Platinum ions were reduced to metallic state onto ruthenium nanoparticles 

accompany with the dissolution of ruthenium. However, detailed reaction mechanism such as 

byproducts, oxidation states and effects caused by various pH values still requires further 

investigation. A thorough study by Manandhar et al reported for the first time that XPS data shows 

partially reduced platinum to intermediate oxidation state between solvated species and that of 

metal, after spontaneously deposited onto ruthenium single crystal without any externally applied 

potential. For platinum spontaneous deposition at various pH values, clarifications only indicated 

that platinum complex was adsorbed at the substrate surface with certain oxidation states.  

In this research, in-situ X-ray Absorption Spectroscopy is performed to observe the reaction 

process of displacement reaction. Ruthenium nanoparticles are immersed into hexachloroplatinic 

acid under various pH conditions. For the platinum precursor, hexachloroplatinic acid, used in this 

research, a fundamental investigation was perform by Spieker et al. Platinum complex has various 

forms to maintain stability influenced by pH value, platinum concentration and chloride 

concentration. Clarifications to oxidation states change and neighboring species of platinum and 
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ruthenium atoms during the reaction process can be provided based on XANES and EXAFS 

analysis. Furthermore, two mechanisms including either replacement between platinum and 

ruthenium atoms or spontaneous deposition of platinum atoms accompany with the oxidation of 

ruthenium will be justified. 

 

1.2 Motivation 

 

The existence of human beings has been lasting for almost two hundred thousand year and 

increasing. Highly developed society shows that the progress of civilization has prospered 

exponentially regarding the field of all kinds. However, the nature that keeps all living creatures 

alive unfortunately reveals the opposite consequences based on the symptoms including the green 

house effect, pollution, ozone depletion, and energy crisis. One of the important issues that affect 

instantaneously to all people on Earth is the energy crisis. Precautious measures have taken with the 

best of research facilities, governments, and even individuals in order to eliminate the impact 

brought by the exhaustion of energy. A majority of energy source originates from fossil fuel. The 

forecast of depleting fossil fuel has emphasized based on its dramatic consumption. The 

development of alternative energy has received people’s attention considerably for the sake that 

usable energy still exists on the moment when all fossil fuel reaches its end. The fuel cell is one of 

the promising solutions that provide reliable and clean energy source. Many different kinds of fuel 

cells such as Polymer Electrolyte Membrane Fuel Cells, Alkaline Fuel Cells, Phosphoric Acid Fuel 

Cells, Molten Carbonate Fuel Cells, and Solid Oxide Fuel Cells have been developed with the 

progress of human technologies. A great amount of research is focused on Polymer Electrolyte 

Membrane Fuel Cells (DMFC) due to its outstanding properties including high energy density, 

portability, low working temperature, etc. 

The performance of DMFC relies greatly on its catalysts on the anode for methanol oxidation 
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reaction (MOR) and cathode for oxygen reduction reaction (ORR). PtRu is a bimetallic compound 

often used as anode catalyst due to its catalytic activity for MOR and outstanding CO-resistance. 

For cathode materials, Pt-based and non Pt-based materials have been thoroughly investigated 

elsewhere which are not covered in this study. However, noble metals are major components of 

catalysts. Because of the cost and rarity, the reduction of noble metal loading and enhancement of 

catalysis efficiency have become essential issues throughout the research topics. Significant 

reduction of noble metal loading is widely proposed as a crucial methodology to achieve 

improvements on electrochemical active materials. Obstacles were found for dramatic reduction the 

noble metal loading and further improvement the catalytic MOR activity in the meanwhile. In the 

recent research by Adzic et al., monolayer-level Pt was synthesized with galvanic displacement 

reaction, which provides enhanced mass activity and durability for MOR compared with 

commercial carbon supported PtRu.  

The fabrication method involved with galvanic displacement reaction for Pt and Ru atoms 

somehow suffer from its opaque mechanism. Possibilities of chemical reactions happening on the 

Ru surface consist of either the oxidation of Ru to Ru(OH), or a higher oxidation state of Ru, or any 

other probable reactions. On the other hand, the possible dissolution of Ru, which also contributes 

the displacement reaction, should be taken into consideration. The acidic aqueous environment in 

which the displacement reaction occurs is feasible to dissolve Ru. The dissolved Ru and displaced 

Ru are substantially mixed together and both results are received during the analysis. On the other 

hand, the whole reaction takes place in aqueous phase and solid phase.  

Characterizations taken under ultra high vacuum environment lead to the difficulty of objective 

observations and analysis with instrument as X-ray photoelectron spectroscopy (XPS) and scanning 

electron microscopy/energy disperse spectrometer (SEM/EDS). X-ray absorption spectroscopy 

(XAS) has increasingly received attention for its appropriate analytical instrument for PtRu 

bimetallic alloys. XAS contributes the unique information regarding the oxidation state, 
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coordination environment, coordination number and bond lengths of the absorbing atom. 

Remarkably, in-situ measurement can be conducted which is close to working condition of 

as-observed specimens. 

The investigation of galvanic displacement reaction mechanism is attempted in this work with 

XAS and other analytical instrument. Based on the information of the reaction mechanism, the 

optimized fabrication process for catalysts involving Pt and Ru atoms should be accomplished. 
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Chapter 2 Literature Review 

2.1 Anode catalysts for DMFC 

 

Over the decades, researchers have been eagerly searching for alternative energy sources for 

solving the energy crisis. The urgent need originates from high-energy demands, fossil fuel 

depletion, environmental pollution, etc. Among manoy technologies under development, fuel cells 

have become one of the candidates that provide an efficient and clean energy source. There are 

various sorts of fuel cells. In particular, a promising type known as direct methanol fuel cell (DMFC) 

has received considerable attention due to its favorable characteristics with respect to fuel usage and 

feed strategies [1-2].  

It is well known that the key materials that greatly affect the performance of a DMFC are the 

membrane and electro-catalyst. Unfortunately, severe challenges are present for the electro-catalyst 

such as the mass activity, reliability, durability, and cost reduction. The improvement of anode 

catalyst for methanol oxidation reaction (MOR) has been accomplished with the exploration of 

noble and non-noble electrochemical active materials. Compared with non-noble catalysts, noble 

metal catalysts such as Pt, demonstrates reasonable electrochemical activity and stability. For the 

objective of cost reduction and performance improvement, the strategy has shifted to identifying 

alloys with comparable performance. To date, PtRu alloys have emerged as the leading material that 

seem to be the state-of-the-art binary anode catalyst. 

Pure Pt atom goes through a series of reactions for MOR [3], including (1) methanol 

adsorption; (2) C-H bond activation (methanol dissociation); (3) water adsorption; (4) water 

activation; and (5) CO oxidation. Though out the reaction process, high potential is required to form 

OH by activating water on the Pt surface which is necessary for the oxidative removal of adsorbed 

CO. If not, the CO is considered to be a poisoning substance among the intermediates in MOR that 

occupy the active sites of Pt. However, undesirable high potential limits the performance of Pt for 
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MOR. Therefore, the introduction of complementary metal which provides the oxidative removal of 

adsorbed CO at lower potential becomes necessary and which leads to the development of Pt-based 

alloys. To date, PtRu was found to be the outstanding binary alloy among PtOs, PtSn, PtW, PtMo, 

etc. The enhancement of PtRu catalyst compared with pure Pt for MOR can be attributed to both 

bi-functional mechanism [4] and ligand effect [5]. Ru induces influences in the electronic structure 

of Pt which weakens the Pt－CO bond [5]. The bi-functional mechanism implies that the oxygen 

containing species are adsorbed on the Ru atoms at a lower potential. Therefore, the mechanism of 

oxidative removal of CO to CO2 is summarized below [4]: 

 

Pt + CH3OH  PtCOads + 4H
+
 + 4e

- 
        (1) 

Ru + H2O  Ru(OH)ads + H
+
 + e

-          
(2) 

PtCOads + Ru(OH)ads  CO2 + Pt + Ru + H
+
 + e

-       
(3)

 

 

The catalytic activity of PtRu is greatly influenced by the composition, atomic structure, the degree 

of alloying, morphology, and particle size. Also, the fabrication methods for PtRu catalysts show 

specific manipulation of the properties based on the characteristics of each method. There are three 

principal methods for preparing carbon supported PtRu catalysts. They are impregnation method, 

the colloidal method, and the mrcroemulsion method. Generally, all methods involve chemical 

procedures for forming nanoparticles, followed by deposition on the carbon supports with uniform 

dispersion. The schematic diagram in Figure 1 presents the flow chart for each fabrication methods. 

 



 

7 

 

 

Figure 1. The synthesis methods for carbon supported PtRu catalysts: (1) impregnation method, (2) 

colloidal method, and (3) microemulsion method [6]. 

 

The impregnation method is the most widely used method among the rest due to its simplicity 

and efficiency [5, 7-8]. First, the Pt and Ru precursors are mixed together with carbon black in 

aqueous solution for form a homogeneous mixture. Then, the chemical reduction step is carried out 

by addition of reducing agents such as Na2S2O3, Na4S2O5, NaBH4, N2H4, or formic acid insolution. 

Alternatively, the reduction process can be conducted with hydrogen at elevated temperature. 

Synthetic conditions including the nature of the metal precursors, reduction methods, and heating 

temperature all play important roles in impregnation process [9-11]. The major weakness of 
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impregnation method is the difficulty of controlling nanoparticle size and distribution. Moreover, 

particle segregation on the carbon supports is another frequently encountered issue. 

The colloidal method is another preparation method for carbon supported PtRu catalyst [12-14]. 

Common steps are: (1) preparation of PtRu colloids; (2) deposition of such colloids onto the carbon 

support; (3) and chemical reduction of the mixture. For example, a well-established colloidal 

method was proposed by Watanabe et al. in which co-deposition of colloidal Pt and Ru oxides on 

carbon in aqueous media was conducted, followed by a reduction with bubbling hydrogen [15]. The 

metal oxide colloid route offers better specific surface area of PtRu compared with that of 

conventional impregnation method. However, the control over particle growth and agglomeration 

are regarded as the weakness of this method. 

The microemulsion method is a relatively new route compared with previous ones [16-18]. In 

this method, the PtRu nanoparticles are formed through a water-in-oil microemulsion reaction, 

followed by a reduction step. The microemulsion is a nano grade droplet of aqueous noble metal 

precursor. The droplets are capsuled by surfactant molecules and dispersed uniformly in an 

immiscible organic solvent. The reduction step can be performed by adding a reducing agent into 

the microemulsion system or mixing it with another microemulsion system containing suitable 

reducing agents. Therefore, the reduction reaction is confined in the nano-grade droplet, so that the 

particle size can be easily controlled by the magnitude of the microemulsion size. The surfactant 

around the droplet serves as a protection from the agglomeration of PtRu nanoparticles. The 

removal of the surfactant molecules can be achieved by proper heat treatment. The main advantage 

of microemulsion method is the ease to control metallic composition and particle size within a 

narrow distribution by optimized fabrication conditions. 

 

2.2 Platinum monolayer fuel cell electro-catalyst 
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A new class of electro-catalyst was proposed by Adzic et al. for MOR and oxygen reduction 

reaction (ORR). Its notable advantages consist of high Pt utilization, enhanced activity, and stability, 

and direct correlations between catalytic activities and physical properties [19]. This new class of 

electro-catalyst is composed of Pt monolayer on carbon supported metal or metal alloy 

nanoparticles. With this unique metal catalyst structure, the problems of conventional catalyst of 

high Pt loading and low efficiency can be largely resolved. The applications of such catalyst were 

demonstrated with sub-monolayer Pt on Ru nanoparticles for hydrogen oxidation reaction (HOR) 

[20], and monolayer Pt on palladium nanoparticles for the ORR [21-23]. 

Fabrication methods for depositing Pt sub-monolayers on Ru and of Pt mixed Pt-based 

monolayers on noble metal substrates are mainly based on the electroless (spontaneous) deposition 

of Pt on Ru. Preparation of sub-monolayer Pt on Ru nanoparticles involves heating carbon 

supported Ru in a hydrogen atmosphere at 300 ℃ to reduce the surface RuOH. Afterwards, the 

samples are immersed in hexachloroplatinic acid. The entire process is carried out in argon 

atmosphere [24]. To prepare monolayer Pt on palladium nanoparticles entails a Cu monolayer 

deposited at underpotentials (UPD) and the Cu is galvanically displaced after the immersion of 

K2PtCl4 solution. The as-prepared catalysts from these two approaches are schematically exhibited 

in Figure 2 and 3. The electrochemical mass activity of sub-monolayer Pt is shown in Figure 4. 
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Figure 2. A sub-monolayer Pt on Ru nanoparticles [19]. 

 

 

Figure 3. A model of fabricating monolayer Pt on palladium nanoparticles with Cu UPD [19]. 

 

 

Figure 4. The cyclic voltammetric (CV) scans of new class catalyst and commercial PtRu for MOR 

[19] 

 

The fabrication method for this new class catalyst, the displacement reaction, can also be 

applied to depositing additional gold cluster for the purpose of durability enhancement of the Pt 

catalyst. That is, the Au modified Pt shows notable prevention from Pt dissolution and excellent 

stability during potential cycling. In Figure 5, the electrochemical surface area of Au modified Pt 
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displays negligible after the potential cycling. 

 

 

Figure 5. The CV scans of Au modified Pt/C [19] 

 

 

 

2.3 X-ray Absorption Spectroscopy of DMFC Catalysts 

 

X-ray absorption spectroscopy (XAS) has been employed as an useful tool to launch the 

scientific research on fuel cell catalysts for the last two decades [25]. The advantages of performing 

research with XAS is that multiple information can be acquired regarding the oxidation states, local 

coordination, numbers and identities of neighboring atoms of the absorbing atom. Moreover, the 

ability to conduct in situ analysis, in the environments that is similar to the working condition is 

irreplaceable other than the instrument requiring an ultra high vacuum environment.  

An XAS measurement is to detect the changes of the absorbance or the fluorescence of the 

sample while it is scanned by X-ray with energy below the absorption edge to above that. Figure 6 

is a typical XAS spectrum. The absorption, μx, is defined by the Beer Lambert equation,  

 

μx = log (I0/It)                (1) 
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where μ is the linear absorption coefficient, x is the sample thickness, I0 is the intensity of the 

incident X-ray, and It is the transmitted X-ray. X-ray absorption near edge structure (XANES) is the 

region close to the absorption edge that results from the excitation of the core level electron to 

unoccupied orbital by the sufficient X-ray photon. XANES is related to the local symmetry and 

electronic structure of the absorbing atom. The absorption edge can provide the information about 

the oxidation states of the sample, the absorbing element. The XANES region extends to around 50 

eV above the absorption edge [25-26].  

At higher incident X-ray energy approximately 50 eV to 1000 eV above the absorption edge, 

the energy of photons is sufficient to excite the core level electron into the continuum, producing a 

photoelectron with kinetic energy, Ek, 

 

Ek = hv - Ebinding               (2) 

 

The excited electron can be seemed as a wave with wave length λ given by the de Broglie relation, 

which is scattered by the neighboring atoms.  

 

λ = h / p                                                  (3) 

 

The interference between the outgoing wave and backscattered wave contributes the oscillation in 

the absorbance as a funciont of the energy of the incident X-ray. These oscillations are called the 

extended X-ray absorption fine structure (EXAFS). Due to the contribution of the EXAFS 

originates from the neighbor atoms of the absorbing atom, the analysis of the EXAFS provides the 

information regarding the identity, distance and the number of neighboring atoms [25-26]. 
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Figure 6. XAS spectrum of Mo K-edge [25] 

 

The XAS experiments require an intense and continuous radiation light source. Usually, the 

measurement takes place with synchrotron radiation facilities. Figure 7 shows the experimental set 

up of XAS analysis. Generally, transmission mode is used to collect XAS data. However, 

fluorescence mode becomes more appropriate when measuring dilute samples. The intensity of the 

X-ray is monitored before and after penetrating the sample, defined as I0 and It (If), respectively. 

Ionization chamber detectors are applied to detect the photon intensity, except Lytle detector is for 

fluorescence intensity.  
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Figure 7. The experimental set up for XAS analysis. (a) Transmission mode; (b) fluorescence mode 

[25]. 
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Chapter 3 Experimental 

3.1 Functionalization of commercial carbon XC-72R 

 Functionalization of commercial carbon XC-72R was conducted by immersing XC-72R into 

pure sulfuric acid (97 wt%) and nitric acid (61 wt%) at 3:1 volume ratio for 1 h at 25 ℃. The 

pretreatment was imposed to increase the adhesion of chemically reduced Ru nanoparticles by 

providing suitable functional groups on the carbon support [39]. 

 

3.2 Fabrication of carbon supported Ru nanoparticles 

 Ru nanoparticles were deposited onto functionalized commercial carbon XC-72R via a 

chemical reduction method. Mixture 0.2 g of RuCl3and 0.8 g of functionalized XC-72R were 

dissolved in excess of de-ionized water. Appropriate amount of NaBH4 was then dissolved with 

de-ionized water and slowly added into the RuCl3/XC-72R mixture. Then, the mixture was filtered 

and washed by de-ionized water, followed by 80 ℃ heating in oven to remove the remaining 

solvent. 

 

3.3 Samples for displacement reaction 

 The carbon supported Ru nanoparticles were deposited on a 2 × 2 cm
2
 carbon cloth (E-TEK) 

by an ink method. The ink was composed of 8 mg carbon supported Ru nanoparticles, 5 mg PTFE 

(30 wt%) and 5 mL 99.5 wt% ethanol, the ink was well-dispersed by supersonication for 30 minutes. 

Subsequently, the ink dispersion was drop-wisely deposited on a 2 × 2 cm
2
 carbon cloth which was 

kept atop a hot plate at 80 ℃. After the residual solvent was dried, the Ru/C coated carbon clothes 

were immersed into 5 mM intrinsic hexachloroplatinic acid aqueous solution with three different 

pH values (1.0, 2.2 and 8.0). The nature for 5 mM hexachloroplatinic acid was pH 2.2, and the pH 

value was adjusted to pH1 by perchloric acid and pH 8 by potassium hydroxide, respectively. The 

immersion lasted for 24 hours at 40 ℃. The as-prepared samples were thoroughly rinsed with 
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de-ionized water, noted as group A. The second identical set of samples was fabricated, defined as 

group B, with the same fabrication process except the Ru/C was subjected to hydrogen reduction 

before the immersion in hexachloroplatinic acid solution. The third set of samples undergoing a 

hydrogen reduction after the immersion in hexachloroplatinic acid solution was labeled as group C. 

The hydrogen reduction was conducted with pure hydrogen under 1 atm at 80 ℃ for two hr. For 

samples in reference groups, the immersion baths were replaced by perchloric acid (pH 1), 

potassium hydroxide (pH 8) and de-ionized water, respectively. 

 

3.4 XRD, TEM, EDX and ICP-MS measurements 

 X-ray diffraction (XRD) patterns for the as-prepared samples were obtained by Max 

Science-M18XHF KXY-8019-1 with a Cu Kα source of 1.54 Å . The X-ray diffractogram was 

received at a scan speed of 4 degrees/second for 2θ values between 30° and 90°. Transmission 

Electron Microscopy (TEM) was performed to observe the morphology of the as-prepared 

nanoparticles using JEOL JEM-3000F with an accelerating voltage of 300 kV. Approximate 

element composition was acquired with energy-dispersive X-ray spectroscopy (EDX) equipped on 

the TEM. The exact  metal loadings were determined by an inductively coupled plasma mass 

spectrometry (ICP-MS). 

 

3.5 XAS measurements 

 X-ray absorption spectra (XAS) for Pt L3-edge (11,564 eV) and Ru K-edge (22,117 eV) were 

obtained at end stations BL01C1 and BL17C1 of the Taiwan Light Source (TLS), National 

Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The storage ring energy was 

1.5 GeV, and the stored top-up ring current was in the range of 300-360 mA. A double Si(111) 

crystal monochromator was employed for energy selection with a resolution ΔE/E better than 2 × 

10
-4

 at both end stations. Rh or Pt-coated mirrors were adopted to reject high-order harmonics, 
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collimate (upstream) and refocus (downstream). The XAS measurements were carried out in 

fluorescence mode of detection at 25 ℃. A Lytle fluorescence detector along with three gas-filled 

ionization chambers were used to collect the intensities of the X-ray fluorescence photons from an 

as-prepared sample (If), the incident beam (I0), the transmitted beam through the sample (It), and the 

transmitted beam through reference metal foil or powder (Ir). A Pt foil was served as reference for 

Pt L3-edge measurements and Ru powder was served as that for Ru K-edge measurements. 

 

3.6 EXAFS data analysis 

 Extended X-ray absorption fine structure (EXAFS) data analysis and fitting were processed by 

IFEFFIT 1.2.11c data analysis package (Athena, Artemis, and FEFF6) [14-15]. The raw data were 

calibrated by aligning the scans against the reference and merging multiple scans as an average to 

achieve better signal quality. X-ray absorption near edge structure (XANES) spectra were obtained 

after appropriate process by Athena software. The EXAFS function was obtained by standard 

procedures with Athena including pre-edge and post-edge background subtractions, and 

normalization with respect to the edge jump. The detailed procedure has been reported elsewhere 

[16]. The resultant EXAFS function, χ(E), was then transformed from energy space to k-space. The 

value k refers to photoelectron wave vector. At the high k-region of χ(k) data, multiplication by k
3
 

was conducted to compensate the damping of EXAFS oscillations. Next, k
3
 weighted χ(k) data were 

Fourier transformed to r-space. Specific ranges in k-space for the Fourier transformation were 

selected from 3.32 to 12.74 Å
-1 

for the Pt L3-edge and 4.01 to 13.42 Å
-1 

for the Ru K-edge. The 

EXAFS curve fitting in r-space was applied by a nonlinear least-square algorithm. Also, the r-space 

ranges for the curve fitting were established from 1.29 to 3.12 Å  (without phase correction) for Pt 

and 1.32 to 2.73 Å  for Ru. The structural parameters were fitted by Artemis with the theoretical 

standards generated by FEFF6 code [17]. The fitted structural parameters include the coordination 

number (N), bond distance (R), Debye–Waller factor (Δσj
2
), and inner potential shift (ΔE0). Two 
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assumptions were added in the EXAFS fitting for hexachloroplatinic acids. First, we assumed that 

the Pt ion (IV) complexes were octahedrally coordinated, which suggested that the sum of Pt-Cl and 

Pt-O cooridination numbers were kept at six for all complexes. Second, the Debye-Waller factor 

differences of Pt-Cl and Pt-O were assumed to be identical [12]. The amplitude reduction factor (S0
2
) 

for Ru were obtained by analyzing Ru powder and found to be 0.79. 
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Chapter 4 Results and discussion 

4.1 Introduction 

 

PtRu is an anode catalyst for methanol oxidation reaction (MOR). It is known that Ru 

substantially promotes the CO-resistance of Pt during MOR process. To date, both bifunctional 

mechanism and ligand effect are proposed to explain the behavior that Ru prevents Pt from 

CO-poisoning [27-29]. Since both Pt and Ru are precious metals, it becomes an issue of reducing 

their loading while maintaining necessary catalytic activity. To achieve this objective, a core-shell 

structure has been explored recently. Of many routes to prepare core-shell structure, the 

displacement reaction is a novel preparation technique that allows the fabrication of noble metal for 

electrochemical active materials with ultra low content of Ru or Pt [30-32]. 

Earlier, fundamental studies related to the displacement reaction conducted by Adzic et al. 

suggest that the driving force is the potential difference between PtCl6
2-

 reduction and Ru
0
 oxidation 

[33-35]. However, the detailed mechanism for Pt deposition on Ru still requires further clarification. 

Possibilities of chemical reactions occurring on the Ru surface consist of either the oxidation of Ru 

to Ru(OH), or a higher oxidation state of Ru. Alternatively, the possible dissolution of Ru, which 

also contributes to the displacement reaction, should be taken into consideration. Manandhar et al. 

emphasized that the spontaneously-deposited Pt on Ru was Pt cations in intermediate oxidation 

states by X-ray photoelectron spectroscopy (XPS) [36-37]. Pt chloride, oxide, and hydroxide 

species were observed on Ru substrates depending on various ligand environments of Pt. The 

oxidation states for the as-deposited Pt were between the state of solvated Pt precursors and that of 

metallic Pt.  

Previous research by Spieker et al. demonstrated that the hexachloroplatinic acid is a strong 

acid with rapid hydrolysis confirmed by extended X-ray absorption fine structure (EXAFS). A 

thorough study provides the elucidation regarding the Pt coordination environment for its precursor, 
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hexachloroplatinic acid, in the form of aqueous solution under various pH values and ion 

concentrations. The bonding of Pt-oxygen and Pt-chloride play crucial role throughout the reaction 

of galvanic displacement reaction due to the transition to Pt-Ru bonding. However, a direct and 

further observation covering from liquid-phased ionic Pt to solid-phased metallic Pt should make a 

contribution for building up the detailed and complete mechanism. In addition, the acidic aqueous 

environment in which the displacement reaction occurs is feasible to dissolve Ru. The dissolved Ru 

and displaced Ru are substantially mixed together and both results are received during the analysis 

[38]. 

From the discussion above, a sophisticated analytical method should be developed to provide a 

further investigation. The Pt deposited with displacement reaction on Ru/C and corresponding 

liquid phase Pt precursor ought to be taken as correlated analysis to establish the mechanism for 

PtRu displacement reaction. In this work, X-ray absorption spectroscopy was employed to provide a 

precise investigation to determine the oxidation states and coordination environment including solid 

and liquid samples. Inductively coupled plasma mass spectroscopy (ICP-MS) is a quantitative 

instrument that reveals the exact amount of Pt and Ru atom participating in the displacement 

process. X-ray diffraction confirms the slight lattice expansion for Pt-deposited Ru compared with 

pure Ru nanoparticles. Finally, we attempt to establish the detailed reaction involved in the 

displacement process. 

 

4.2 Results and discussion 

 

Figure 6, 7 and 8 demonstrate the XRD patterns for samples from group A, B and C, 

respectively. The diffraction peaks at the top and bottom of Figure 6(A), 7(A) and 8(A) exhibit 

patterns for Ru/C, in which the hcp Ru lattice was confurmed, albeit with reduced intensity caused 

by low loading and interference from carbon support. The diffraction peak at 38.4 degree of Ru 

(100) phase is selectively shown in Figure 6(B), 7(B) and 8(B) for group A, B and C, respectively. 
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In Figure 6(B), the diffraction peaks of group A reveal relatively broad compared with the rest 

groups. In Figure 7(B), peaks are sharpened due to hydrogen reduction and slightly shifted toward 

lower angles with the sequence of pH 2.2 and pH 1. This indicates that the expansion for the lattice 

of Ru was caused by the displacement of Pt atoms and their incorporation into Ru lattice. However, 

the peak position of pH 8 remained the same as pure Ru/C, suggesting that the adsorption of Pt 

atoms was taking place only on the surface of Ru nanoparticles. In Figure 8(B), diffraction peak at 

39.5 degrees for pH 8 was observed that probably was attributed to Pt (111). The presence of Pt 

diffraction peak suggested that the Pt atoms were present after hydrogen reduction. However, the 

absence of Pt diffraction peak for pH 1 inferred that the feasibility of forming Pt clusters was 

reduced due to the incorporation of Pt atoms into Ru lattice, leaving a sub-monolayer Pt on the Ru 

surface. 
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Figure 6(A). The XRD patterns for carbon supported Ru (Ru/C), group A pH 1, pH 2.2, pH 8 and 

pure carbon. 

Figure 6(B). The XRD patterns at 38 degrees for group A pH 1, pH 2.2, and pH 8. 
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Figure 7(A). The XRD patterns for carbon supported Ru (Ru/C), group B pH 1, pH 2.2, pH 8 and 

pure carbon. 

 

Figure 7(B). The XRD patterns at 38 degrees for group B pH 1, pH 2.2, and pH 8. 
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Figure 8(A). The XRD patterns for carbon supported Ru (Ru/C), group C pH 1, pH 2.2, pH 8 and 

pure carbon. 

 

Figure 8(B). The XRD patterns at 38 degrees for group C pH 1, pH 2.2, and pH 8. 

 

 

 Table 1 presents the ICP-MS results for the as-prepared samples of group A, the corresponding 

immersion baths of group A, and the immersion baths for reference group. The results indicated Pt 

loadings were 1.26, 1.17 and 0.62 mmole for pH 1, pH 2.2 and pH 8, respectively. Lower pH value 

allowed more Pt loading deposited on Ru. On the other hand, the Ru loadings were 2.02, 2.94, and 

4.86 mmole for pH 1, pH 2.2 and pH 8, respectively. Apparently, Ru dissolution caused by Pt 

displacement and acid corrosion was observed. For the corresponding hexachloroplatinic acid 

immersion baths, the amount of Pt remained around 20 mmole. Generally, more Ru content was 

detected in the immersion baths of hexachloroplatinic acids rather than that of pure perchloric acid, 

DI water and potassium hydroxide. These behaviors suggested that a greater amount of Ru atoms 

was replaced by Pt ions. The dissolution of Ru by acidic or basic solvents still existed but it’s 

(A) 

(B) 

Pt (111) 
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amount was slightly varied. 

 

Table 1. Results from material characterizations on group A, the immersion baths of group A and 

the immersion baths of reference group by ICP-MS. 

 

 Pt (μmole) Ru (μmole) 

Nanoparticles pH 1 1.26 2.02 

pH 2.2 1.17 2.94 

pH 8 0.62 4.86 

Solutions H2PtCl6 pH 1 20.01 1.88 

H2PtCl6 pH 2.2 21.61 1.37 

H2PtCl6 pH 8 22.57 0.05 

Solutions HClO4 N/A 0.31 

DI water N/A 0.01 

KOH N/A 0.03 

 

 

 

 TEM images for carbon supported Ru nanoparticles are exhibited in Figure 9. Ru nanoparticles 

were well-dispersed with notable size uniformity on the carbon supports. Figure 10 to 12 display the 

TEM images of group A with various immersion baths of pH 1, pH 2.2 and pH 8. As shown, the 

PtRu/C particles were uniformly dispersed and their sizes were approximately 2~3 nm. The slight 

variations of sizes between each groups suggested that the Ru nanoparticles were rather stable in 

various environments against corrosive dissolution. In addition, possible particle size variation 
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influenced by acidic immersion or displaced by Pt atoms was negligible. TEM/EDX confirmed the 

presence of Pt species on the surface of Ru nanoparticles with quantitative results in table 2. The 

immersion bath of pH 1 possessed a larger amount of deposited Pt relatively compared with that of 

other pH values. This result suggested that the displacement reaction showed more tendencies to 

allow the deposition of Pt on Ru nanoparticles in acidic environment than in basic one. The detailed 

mechanism is explained in the following parts of the discussion. 

 

Table 2 Results from material characterizations on Ru/C immersed with pH 1, pH 2.2 and pH 8 

H2PtCl6 (group A) by EDX. 

 Pt (at%) Ru (at%) 

 pH 1 11.08 88.92 

 pH 2.2 6.65 93.35 

 pH 8 3.38 96.62 
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Figure 9. The TEM images for carbon supported Ru. 
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Figure 10. The TEM images for group A, Ru/C immersed with pH 1 H2PtCl6. 
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Figure 11. The TEM images for group B, Ru/C immersed with pH 2.2 H2PtCl6. 
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Figure 12. The TEM images for group C, Ru/C immersed with pH 8 H2PtCl6. 

 

 

 

 The Ru K-edge XANES spectra for reference group are shown in Figure 13. After the 

immersion of perchloric acid (pH 1), de-ionized water (pH7.0) and potassium hydroxide (pH 8), Ru 

nanoparticles were oxidized based on the energy shift of the edge jump. The oxidation states of 

as-immersed Ru nanoparticles under various baths were similar. In addition, those oxidation states 

were between 0 to +4 according to the energy shifts which were located between that of RuO2 and 

metallic Ru powder (reference). The slight elevation for the oxidation states of Ru nanoparticles 

during the immersion was reasonably attributed to both contribution of water adsorption and oxide 

formation at the surface of Ru nanoparticles occurring together [18]. On the other hand, the oxide 

formation at the surface of Ru nanoparticles provided moderate protection against further 
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dissolution. After extended immersion, the Ru nanoparticles maintained their stability and sizes. 

 Figure 14 exhibits the Ru K-edge XANES spectra of group A. The oxidation states of Ru 

nanoparticles were similar for those immersed by various pH values of hexachloroplatinic acids. 

Interestingly, the oxidation states of group A Ru nanoparticles were approximately identical to that 

of reference group. These results confirmed that Ru maintained identical oxidation state during the 

displacement reaction by Pt atoms. Therefore, we assumed that the Ru species with higher oxidation 

states somehow left the surface in the form of dissolved complexes into the immersion baths. 

Similarly, the reduction process of Pt ions from the immersion baths onto the Ru nanoparticles 

could be assumed to include the formation of oxidized Ru and its subsequent dissolution. The Ru 

K-edge XANES for group B is exhibited in Figure 15. Similar results were obtained as group A 

even with a hydrogen reduction on the Ru nanoparticles. However, due to the reduced surface and 

the removal of surface oxides of Ru nanoparticles, a relatively stronger reduction driving force was 

provided for group B than group A. Therefore, the Pt species deposited on group B revealed lower 

oxidation states compared with group A. The Ru K-edge XANES for group C is shown in Figure 16. 

The hydrogen reduction treatment was applied after the immersion of Ru nanoparticles into 

hexachloroplatinic acids with various pH values. The oxidation states were not completely reduced 

to 0 like metallic Ru. This inevitable oxidation of Ru might be attributed to the oxygen-containing 

groups on the surface of functionalized carbon supports [19]. 
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Figure 13. Ru K-edge XANES spectra of Ru metallic powder, RuO2, Ru/C immersed with HClO4, 

DI water and KOH. 
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Figure 14. Ru K-edge XANES spectra of Ru metallic powder, RuO2, Ru/C immersed with pH 1, pH 

2.2 and pH 8 H2PtCl6 (group A). 

 



 

33 

 

22100 22200 22300

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o

rm
a

li
ze

d
 a

b
so

rb
a

n
ce

 /
 a

.u
.

Energy / eV

 B Ru pH1.0

 B Ru pH2.2

 B Ru pH8.0

 Ru powder (reference)

 RuO
2

 

Figure 15. Ru K-edge XANES spectra of Ru metallic powder, RuO2, hydrogen reduced Ru/C 

immersed with pH 1, pH 2.2 and pH 8 H2PtCl6 (group B). 
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Figure 16. Ru K-edge XANES spectra of Ru metallic powder, RuO2, Ru/C immersed with pH 1, pH 

2.2 and pH 8 H2PtCl6 and followed by hydrogen reduction (group C). 
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 The Ru K-edge Fourier transform EXAFS spectra for reference group, group A, group B, and 

group C are shown in Figure 17 to 20, respectively. The peaks at 1.6 Å  and 2.3 Å  (without phase 

correction) corresponded to the Ru-O bond and Ru-Ru bond at the first shell coordination. The 

EXAFS fitting results were summarized in table 3. For reference group, the coordination numbers 

of Ru-O of all immersion baths are around 2. The bonding between Ru and O was attributed to the 

formation of oxide layer on Ru nanoparticles caused by the immersion. Unfortunately, the fitting 

results of Ru which were immersed into H2PtCl6 baths, group A, and group B, did not reveal any 

Ru-Pt coordination. As a result, the deposition of Pt on Ru was inconclusive from these EXAFS 

fittings. Nevertheless, once the hydrogen reduction was applied after the immersion as group C, 

Ru-Pt coordination numbers of 1.33, 1.08 and 0.82 were obtained for pH 1, pH 2.2 and pH 8 

hexachloroplatinic acid immersion baths. EXAFS fitting results for group C also confirmed the 

presence of Ru-Pt bonding. This suggested that during the displacement reaction, Pt atoms were not 

deposited to Ru directly. Based on previous research by Hu et al. [46], the Ru might existed as 

bridged-oxygen oxide. The bridged-oxygen was expected to connecting Pt to Ru. This may explain 

why the Ru-O was the predominant bonding specie after the displacement reaction of Ru by Pt. 

This is because the Ru-O-Pt was formed instead of Ru-Pt on the surface of Ru nanoparticles. As 

expected, the Ru-Pt coordination was established as long as bridged-oxygen was removed. 
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Figure 17. Ru K-edge EXAFS spectra of Ru/C immersed with HClO4, DI water and KOH. 

 

0 1 2 3 4 5
0

2

4

6

8

F
T

 m
a

g
n

it
u

d
e

R / Angstrom

 A Ru pH1.0

 A Ru pH2.2

 A Ru pH8.0

 

Figure 18. Ru K-edge EXAFS spectra of Ru/C immersed with pH 1, pH 2.2 and pH 8 H2PtCl6 

(group A). 
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Figure 19. Ru K-edge EXAFS spectra of hydrogen reduced Ru/C immersed with pH 1, pH 2.2 and 

pH 8 H2PtCl6 (group B). 
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Figure 20. Ru K-edge EXAFS spectra of Ru/C immersed with pH 1, pH 2.2 and pH 8 H2PtCl6 and 

followed by hydrogen reduction (group C). 
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Table 3 

The fitting results from the analysis of Ru K-edge EXAFS spectra. 

 Path 

Coordination 

number, N 

 

Bond 

distance, R 

(Å ) 

Inner potential 

shift, ΔE0  

(eV) 

Debye-Waller 

factor, Δσj
2
  

( 10
-3

 Å
2
) 

Ru/C HClO4 
Ru-O 1.95 2.04 -5.45 5.43 

Ru-Ru 3.64 2.67 -9.92 7.29 

Ru/C DI 

water 

Ru-O 1.99 2.04 -4.36 5.41 

Ru-Ru 3.95 2.67 -10.4 7.98 

Ru/C KOH 
Ru-O 1.94 2.04 -6.15 3.32 

Ru-Ru 3.28 2.67 -12.05 7.45 

A pH 1 
Ru-O 1.23 2.05 -0.55 0.13 

Ru-Ru 4.06 2.67 -7.35 7.02 

A pH 2.2 
Ru-O 1.33 2.07 -1.56 0.46 

Ru-Ru 4.28 2.68 -7.10 8.26 

A pH 8 
Ru-O 1.99 2.02 -7.46 1.78 

Ru-Ru 4.08 2.65 -12.88 7.03 

B pH 1 
Ru-O 1.17 2.03 -6.82 2.17 

Ru-Ru 3.98 2.66 -10.41 7.02 

B pH 2.2 

Ru-O 1.78 2.03 -11.14 3.72 

Ru-Ru 4.15 2.67 -10.07 7.62 

B pH 8 

Ru-O 2.07 2.03 -6.99 4.46 

Ru-Ru 4.10 2.67 -9.03 8.52 

C pH 1 

Ru-O 1.07 2.05 -6.54 4.23 

Ru-Ru 5.24 2.69 -3.71 6.70 
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Ru-Pt 1.33 2.71 -9.44 5.91 

C pH 2.2 

Ru-O 1.36 2.05 -5.03 5.30 

Ru-Ru 

Ru-Pt 

5.12 

1.08 

2.69 

2.70 

-4.14 

-13.59 

7.20 

6.62 

C pH 8 

Ru-O 1.41 2.05 -0.47 6.96 

Ru-Ru 

Ru-Pt 

4.54 

0.82 

2.69 

2.71 

-3.62 

-8.24 

6.91 

5.64 

 

 

 Figure 21 demonstrates the Pt L3-edge XANES spectra of hexachloroplatinic acid adjusted to 

various pH values. The large peak at the absorption edge was attributed to 2p3/2 to 5d electronic 

transition of Pt which is also known as white line [10, 47]. The white line intensity is able to 

provide information on the oxidation state of Pt due to its correspondence to d-band vacancy. A 

larger of the white line intensity, refers less d-band is occupied. That is, a high intensity white line 

is obtained for the Pt with a high oxidation state. Pt ions in hexachloroplatinic acids with various pH 

values revealed high white lines intensity similar due to the +4 oxidation number in Figure 16. For 

the white line of metallic Pt foil, its low intensity was designated as the 0 oxidation step. 

For Pt atoms that were deposited onto Ru nanoparticles via the displacement reaction, their 

oxidation states can be observed in Figure 22. The Pt atoms that were deposited onto Ru 

nanoparticles with the immersion bath of hexachloroplatinic acid adjusted to pH 1 were partially 

reduced. For pH 2.2, although the oxidation state was slightly higher than that of pH 1, the partial 

reduction was observed. However, the Pt was nearly reduced for pH 8 based on its white line as 

high as that of Pt ions in hexachloroplatinic acid. A reasonable assumption could be adopted as 

physical adsorption for Pt ions onto Ru nanoparticles for the case of pH 8. In Figure 23, the whit 

line intensities were generally lower than that in Figure 22. This result implied that for hydrogen 
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reduced Ru nanoparticle before immersion, group B, the Pt atoms were reduced even more compare 

with group A. Since the deposition through displacement reaction was expected to rely greatly on 

the surface, the hydrogen pretreatment that eliminated the surface oxides of Ru nanoparticles 

demonstrated clear evidence over reduced oxidation states of Pt atoms. In Figure 24, the intensities 

of white lines for group C were nearly as small as Pt foil because of the final hydrogen reduction. 

Nevertheless, the oxidation states were slightly higher for pH 1 and pH 2.2 than that of pH 8. This 

result indicated that sub-monolayer Pt for pH 1 and pH 2.2 facilitated each Pt atom to be a surface 

atom. For pH 8, the formation of Pt cluster might lead to a lower oxidation state due to the existence 

of protected inner Pt atoms. 
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Figure 21. Pt L3-edge XANES spectra of Pt foil, H2PtCl6 solution adjusted to pH 1, pH 2.2 and pH 

8. 

 



 

40 

 

11560 11580 11600 11620 11640

0.0

0.5

1.0

1.5

2.0

2.5

N
o

rm
a

li
ze

d
 a

b
so

rb
a

n
ce

Energy / eV

 A Pt pH1.0

 A Pt pH2.2

 A Pt pH8.0

 Pt foil

 

Figure 22. Pt L3-edge XANES spectra of Pt foil, Ru/C immersed with pH 1, pH 2.2 and pH 8 

H2PtCl6 (group A). 
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Figure 23. Pt L3-edge XANES spectra of Pt foil, hydrogen reduced Ru/C immersed with pH 1, pH 

2.2 and pH 8 H2PtCl6 (group B). 
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Figure 24. Pt L3-edge XANES spectra of Pt foil, Ru/C immersed with pH 1, pH 2.2 and pH 8 

H2PtCl6 and followed by hydrogen reduction (group C). 

 

The Pt L3-edge Fourier transform EXAFS spectra for hexachloroplatinic acids, group A, group 

B and group C are shown in Figure 25 to 28, respectively. In Figure 25 to 27, the peaks at 1.7 Å  and 

2.0 Å  (without phase correction) correspond to the Pt-O bond and Pt-Cl bond at the first shell 

coordination, respectively. In Figure 28, the peaks at 2.1 Å  and 2.7 Å  (without phase correction) 

correspond to the Pt-Ru bond and Pt-Pt bond at the first shell coordination, respectively. The 

EXAFS fitting results are summarized in table 4. Spieker et al. proposed that chloride ion ligands on 

the Pt complexes can be exchanged by hydroxide ligands or aqueous ligands due to the hydrolysis 

reaction in a thorough research of dilute hexachloroplatinic acid with various pH values [12]. 

Similar phenomena were observed in this work in which EXAFS fitting indicated a significant 

ligand change influenced by pH values based on Pt-Cl and Pt-O coordination number. The 

coordination numbers of Pt-O were 1.31, 1.65 and 3.58 for pH 1, pH 2.2 and pH 8 

hexachloroplatinic acids, respectively. These results were coherent with Spieker et al in which 

ligand exchange by hydroxide or aqueous ligands with the increase of pH values. On the contrary, 
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EXAFS results determined that the coordination numbers of Pt-Cl were 4.69, 4.35 and 2.42 for pH 

1, pH 2.2 and pH 8 hexachloroplatinic acids, respectively. In other words, the number of chloride 

ligands on the Pt complexes was reduced due to the hydrolysis reaction when pH value was 

increased. The variation of Pt ligand species should be responsible for causing notable influence 

toward the behavior of displacement reaction. For deposited Pt as group A, the sum of coordination 

number for Pt-O and Pt-Cl was decreased as presented in table 4, indicating the ligands were 

detached from the Pt complexes when Pt ions were reduced by Ru. Furthermore, under various pH 

values, the portion of Pt-O and Pt-Cl bonding for Pt on Ru was consistent to that in 

hexachloroplatinic acids. However, Pt-Ru bonding was not formed due to the bridged-oxygen 

structure. Similar outcome was obtained for group B. For the EXAFS fitting result in Figure 28, the 

coordination environment was changed dramatically due to the final hydrogen reduction which 

removed the bridged-oxygen. Table 4 also lists the coordination numbers of Pt-Ru which were 5.75, 

4.23 and 3.21 for pH 1, pH 2.2 and pH 8 of group C, respectively. The results suggested that at low 

pH values, Pt ions were feasible of being reduced by Ru and replacing Ru atoms. It was obvious 

that the incorporation for the Pt into Ru nanoparticles occurred and contributed the Pt-Ru bonding 

as high as 5.75 and 4.23. At a high pH value, the Pt ions were merely physically adsorbed on the 

surface of Ru which its coordination number was further decreased. The coordination numbers of 

Pt-Pt are 1.71, 2.43 and 4.24 for pH 1, pH 2.2 and pH 8 of group C, respectively. At low pH values, 

the Pt atoms were assumed to form a sub-monolayer based on the relatively low Pt-Pt coordination 

number. On the contrary, the Pt clusters were expected to be formed for pH 8 consistent to the XRD 

results, giving a higher Pt-Pt coordination number. 
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Figure 25. Pt L3-edge EXAFS spectra of H2PtCl6 solution adjusted to pH 1, pH 2.2 and pH 8. 
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Figure 26. Pt L3-edge EXAFS spectra of Ru/C immersed with pH 1, pH 2.2 and pH 8 H2PtCl6 

(group A). 
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Figure 27. Pt L3-edge EXAFS spectra of hydrogen reduced Ru/C immersed with pH 1, pH 2.2 and 

pH 8 H2PtCl6 (group B). 
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Figure 28. Pt L3-edge EXAFS spectra of Ru/C immersed with pH 1, pH 2.2 and pH 8 H2PtCl6 and 

followed by hydrogen reduction (group C). 
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Table 4 

The fitting results from the analysis of Pt L3-edge EXAFS spectra. 

 Path 

Coordination 

number, N 

 

Bond 

distance, 

R (Å ) 

Inner potential 

shift, ΔE0  

(eV) 

Debye-Walle

r factor, Δσj
2
  

( 10
-3

 Å
2
) 

Hexachloroplatinic 

acid (pH 1) 

Pt-O 1.31 1.99 -2.14 2.79 

Pt-Cl 4.69 2.31 10.16 2.79 

Hexachloroplatinic 

acid (pH 2.2) 

Pt-O 1.65 1.99 -1.95 3.77 

Pt-Cl 4.35 2.31 10.34 3.77 

Hexachloroplatinic 

acid (pH 8) 

Pt-O 3.58 1.99 1.44 4.21 

Pt-Cl 2.42 2.31 13.83 4.21 

A pH 1 
Pt-O 1.95 1.99 7.26 1.78 

Pt-Cl 1.69 2.30 9.16 1.57 

A pH 2.2 
Pt-O 1.83 2.00 7.79 1.79 

Pt-Cl 2.41 2.30 8.80 4.47 

A pH 8 
Pt-O 3.66 1.99 3.73 2.42 

Pt-Cl 1.83 2.32 18.35 11.17 

B pH 1 
Pt-O 1.56 2.01 2.29 4.91 

Pt-Cl 2.19 2.32 13.24 1.02 

B pH 2.2 

Pt-O 1.67 2.00 -4.94 3.19 

Pt-Cl 2.94 2.31 12.52 1.99 

B pH 8 

Pt-O 3.74 2.01 6.56 4.93 

Pt-Cl 1.89 2.32 17.28 1.86 

C pH 1 

Pt-Ru 5.75 2.71 8.66 5.61 

Pt-Pt 1.71 2.76 7.52 2.96 
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C pH 2.2 
Pt-Ru 4.23 2.71 7.69 5.60 

Pt-Pt 2.43 2.76 8.65 4.82 

C pH 8 
Pt-Ru 3.21 2.71 6.69 6.25 

Pt-Pt 4.24 2.75 7.26 4.66 

 

 

 

 By summarizing the analytical results from XRD, ICP-MS, TEM, EDX and XAS spectra, the 

mechanism of Pt displacement reaction on Ru nanoparticles is described as follows. Pt ions were 

reduced by metallic Ru nanoparticles accompanied by the dissolution of Ru atoms at the surface. 

The dissolution of Ru atoms could be resulted from being replaced by Pt. Meanwhile, the formation 

of Ru oxide layer on the surface of it nanoparticle took place during the immersion into aqueous 

baths which eventually terminated the displacement reaction. The oxide layer prevented Ru from 

further dissolving and the reduction of Pt ions. The pH values of hexachloroplatinic acid played an 

essential role for the behavior of displacement reaction. Furthermore, two factors should be taken 

into consideration that various ligands around Pt complexes and extent of Ru dissolution in 

acidic/basic aqueous solvents. The deposition for Pt on Ru was formed through the bridged-oxygen 

instead of direct Pt-Ru bonding. 
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Chapter 5 Conclusions 

 

The mechanism of Pt displacement reaction on the Ru was investigated by to immersing 

carbon supported Ru nanoparticles into hexachloroplatinic acids with various pH values and 

conducting hydrogen reduction before or after the immersion. XRD patterns suggested that the Ru 

hcp crystal structure was expanded slightly after Pt incorporation. ICP-MS indicated that the 

dissolution of Ru was mostly caused by the displacement by Pt atoms. TEM images revealed an 

uniform distribution of Pt deposited Ru with particle sizes around 2 to 3 nm. EDX confirmed that 

more Pt ions in acidic environment could be reduced by Ru, a result consistent with ICP-MS. 

Finally, the XAS analysis including XANES data and EXAFS fitting provided detailed 

displacement mechanism. Pt atoms were reduced to certain oxidation states or merely physically 

adsorbed depending on the types of ligands around Pt complexes. Pt atoms were deposited onto Ru 

through bridged-oxygen instead of forming the direct Pt-Ru bonding during displacement reaction. 
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