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Abstract 
 The Pd, PdAu and ZrO2 nanoparticles decorated functionalised MWCNTs (f-MWCNTs) were 

reported as efficient catalysts of formic acid electro-oxidation. Evaluation of accurate surface parameters 

is of high importance since different preparation conditions influence the chemical, structural and 

catalytic properties. Chemical and structural properties of Pd and PdAu decorated ZrO2/f-MWCNTs 

prepared using different procedures were analysed using X-ray photoelectron spectroscopy (XPS) aided 

with the Quantitative Analysis of Surfaces by Electron Spectroscopy (QUASES). 

 Methods using different reduction strength procedures, like NaBH4 reducing agent at RT > a polyol 

microwave-assisted method (PMWA) using ethylene glycol and NaOH at 170 oC ≈ NaOH in a high 

pressure microwave reactor (HPMWR) at 250 oC, were applied for decorating ZrO2/f-MWCNTs with Pd 

and PdAu nanoparticles. ZrO2 nanoparticles were attached via oxygen groups on the surface of the f-

MWCNTs. Pd and PdAu nanoparticles were placed predominantly on ZrO2 nanoparticles in NaBH4 and 

HPMWR methods and in PMWA method on the surface of f-MWCNTs. Strong reducing procedure using 

NaBH4 led to the smallest Pd nanoparticle size, Pd oxide content, PdOx overlayer thickness, insignificant 

Pd-O-Zr phase and absence of PdCx phase. Weaker reduction procedures (PMWA and HPMWR 

methods) provided a larger Pd and PdAu crystallites size, Pd oxide content, Pd oxide overlayer thickness, 

PdCx (in Pd decorated catalyst) and significant amount of Pd-O-Zr intermetallic phase (in PdAu decorated 

samples). Formation of PdCx phase resulted from carbon contaminations from glycol and/or MWCNTs 

substrate. Formation of significant content of Pd-O-Zr phase in PdAu decorated ZrO2/f-MWCNTs in 

contrary to Pd decorated sample prepared by PMWA method could be justified by different electronic 

properties, i.e. alloy formation and smaller nanoparticles size. Treatment with a formic acid resulted in 

decreasing Pd oxide content, PdOx overlayer thickness, size of ZrO2, Pd and PdAu nanoparticles, 

accompanied by increasing ZrO2 and Pd/PdAu nanoparticles surface coverage and density due to 

nanoparticles surface rearrangement increasing Pd coverage on ZrO2.  
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Introduction 

 Carbon nanotubes (CNTs) are extensively studied due their unique physicochemical properties and 

possibility of tailoring these properties by functionalisation with different oxygen groups and decoration 

with nanoparticles of metal and metal oxides. Among these, metal and/or metal oxides decorated CNTs 

devoted a high interest due to their technological application in catalysis, bio/chemical sensoring, energy 

storage and production, individual electrical CNTs properties studies [1], etc. For a catalytic purpose, the 

metal (mainly Pd substituting Pt) and PdAu catalysts supported MWCNTs [2-13], and recently Pd-ZrO2 

on functionalised MWCNTs (f-MWCNTs) [14] were applied. These Pd and PdAu decorated f-MWCNTs 

catalysts of formic acid electro-oxidation (on an anode side) [9-13], prepared with the same metal loading 

(20 wt. %) using different methods, provided information on their higher catalytic activity exceeding the 

respective for Pt catalysts. The modified 20 wt. % Pd-ZrO2/f-MWCNTs catalyst [14] showed slightly 

smaller catalytic activity due to a larger Pd nanoparticles size, however was shown to be more resistant 

for deactivation and sintering of Pd nanoparticles due to thermo-chemical treatment in oxygen and 

hydrogen [14]. This enhanced catalytic stability was attributed to oxidation of COad on Pd to CO2, i.e. 

“self-cleaning” mechanism, due to oxygen from the MWCNTs functional hydroxyl groups, -OH, oxygen 

vacancies in ZrO2, ZrO2 activation of water being decomposed into active oxygen radicals and modified 

adsorption properties [14].  

 Physicochemical and structural properties of deposited metal nanoparticles on carbon nanostructure 

catalysts depend significantly on the preparation method (metal loading, chemicals, pH), the support (its 

specific area and porosity) and support functionalisation (oxygen groups, i.e. hydroxyl, carbonyl, epoxy, 

carboxyl). A number of methods employed till now for preparation of Pd based functionalised MWCNTs 

new hybrid materials resulted in a wide variety of structural, electrochemical and catalytic properties [2-

14]. These structural and electrochemical properties have been studied by the TEM, SEM, XRD, Raman 
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and FTIR, electron spectroscopy methods, cyclic voltammetry, chronoamperometry and in a fuel cell [2-

14].  

 Alternative method for determining the surface structural parameters employs the X-ray photoelectron 

spectroscopy (XPS) aided with the QUASES (Quantitative Analysis of Surfaces by Electron 

Spectroscopy) procedure [15]. Basic theory of QUASES [16,17], application of the theory for description 

of the surface 3D nanostructure in-depth profiles and atomic surface coverage [18,19] and evaluation of 

the QUASES method accuracy [20] have been already published. This procedure was developed for 

describing the surface 3D nanostructure. For this purpose the XPS spectra and the inelastic background in 

the spectra vicinity are examined. The inelastic background varies when electrons travelling through a 

solid characterised by different in-depth profiles lose their kinetic energy (KE). The measured spectrum, 

J(E,Ω), of emitted electrons of energy E into the solid angle, Ω, is expressed as: 

 

,                 (1) 

 

where F(Eo,Ω) is the flux density of photoelectrons excited from a single atom at energy Eo into the solid 

angle Ω,  f(x) is the concentration of atoms at depth x, θ is the emission angle with respect to the surface 

normal and the function G is the energy distribution of an electron as a function of its path length x/cosθ   

travelled in a solid. QUASES evaluation proceeds by: (i) inelastic background removing (QUASES-

Analyze), (ii) inelastic background removing using a standard (QUASES-Analyze) and (iii) modeling of 

spectrum from the standard to adjust the intensity and background to the respective spectrum from the 

investigated sample (QUASES-Generate). For these evaluations the in-depth profile, f(x), should be 

assumed and then surface morphology parameters (atomic coverage, overlayer thickness, islands height, 

etc.) are determined. Available in-depth profiles are: (i) Buried Layer, i.e. spectrum of electrons emitted 

from a layer of a certain thickness and in-depth position, (ii) Islands Passive Substrate, i.e. spectrum of 

electrons emitted from an overlayer of atoms of certain coverage and thickness, (iii) Islands Active 
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Substrate, i.e. spectrum of electrons emitted from atoms of a substrate, (iv) Exponential Profile, i.e. 

increasing or decreasing with a depth and (v) Several Buried Layers, i.e. several thin layers at different 

depths and widths. Calculations require also transmission function of the analyser, geometry of analysis, 

investigated electron inelastic mean free path (IMFP) values, dependent on kinetic energy and material 

[21] and inelastic scattering cross-sections available in a software [22].  

 The purpose of this study performed by the XPS aided with QUASES was:  

(i) evaluation of the chemical and structural properties of the 20 wt. % Pd-ZrO2/f-MWCNTs and 10 

wt. % Pd 10 wt. % Au-ZrO2/f-MWCNTs catalysts,  

(ii) investigation of influence of different reducing conditions during catalyst preparation (a high 

pressure microwave reactor - HPMWR at 250 oC in a presence of NaOH, a strong reducing agent 

NaBH4 at room temperature (RT), a polyol microwave-assisted method - PMWA at 170 oC in a 

presence of ethylene glycol and NaOH) on the chemical and structural properties of 20 wt. % Pd-

ZrO2/f-MWCNTs catalyst,  

(iii) investigation of the effect of a formic acid (FA) on the chemical and structural properties of 20 

wt. % Pd-ZrO2/f-MWCNTs and 10 wt. % Pd 10 wt. % Au-ZrO2/f-MWCNTs catalysts prepared by 

PMWA method.  

 

Experimental 

Samples 

 The following samples, with notation and preparation conditions given below, were analysed:  

f-MWCNTs – the functionalised MWCNTs, i.e. MWCNTs-COONH4, prepared from the “as-received” 

MWCNTs (CNT CO., LTD., Korea) of average diameter size of 20 nm to 40 nm, where the “as-received” 

MWCNTs were treated in boiling concentrated (68%) HNO3 under a reflux condenser for about 50 h at 

120 oC to remove amorphous carbon, traces of catalysts and their support and oxidise, washed with 

deionised water, then with NH4OH and again deionised water until stabilisation of filtrate pH (pH~7). 
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After such functionalisation the surface area increased from 177 m2/g (“as-received” MWCNTs) to 254 

m2/g (f-MWCNTs).  

ZrO2/f-MWCNTs – 20 wt. % ZrO2, 80 wt. % of f-MWCNTs prepared using a hydrothermal method by 

means of a microwave reactor. A mixture of MWCNTs-COONH4, 0.05 M aqueous solution of ZrO2 

precursor, i.e. zirconyl chloride (ZrOCl2) and an aqueous solution of 1 M NaOH (to pH=10) was heated 

in the reactor at a pressure of 55 bar, to a temperature of 250 oC for 30 minutes. Then, the sample was 

washed by distilled water and dried.  

P1 (Pd-ZrO2/f-MWCNTs HPMWR) - 20 wt. % Pd, 16 wt. % ZrO2, 64 wt. % of f-MWCNTs prepared 

in a closed reactor using a mixture of adequate amount of MWCNT-COONH4, 0.05 M aqueous solution 

of ZrO2 precursor, i.e. zirconyl chloride (ZrOCl2), solution of PdCl2 (5 wt. % in 10% HCl, Sigma) and 

aqueous solution of 1 M NaOH (to adjust pH to 10) was heated in the reactor at a pressure of 55 bar to a 

temperature of 250 oC for 30 minutes. Then, the sample was washed in distilled water and dried. 

P2 – (Pd-ZrO2/f-MWCNTs NaBH4) - 20 wt. % Pd, 16 wt. % ZrO2, 64 wt. % of f-MWCNTs prepared in 

an open reactor from mixing water solution of ZrO2/f-MWCNTs with PdCl2 (5 wt. % in 10% HCl, 

Sigma) and 1M NaOH (to adjust pH to 10), slowly adding 1M solution of NaBH4 at RT continuously 

mixing in ultrasonic bath (30 min.), after rinsed in water and acetone and dried at RT overnight.  

P3 – (Pd-ZrO2/f-MWCNTs PMWA) - 20 wt. % Pd, 16 wt. % ZrO2, 64 wt. % of f-MWCNT prepared in 

an open reactor from ZrO2/f-MWCNT dispersed in an excess of ethylene glycol to which an adequate 

amount of aqueous solution of PdCl2 (5 wt. % in 10% HCl, Sigma) was added. Next, NaOH aqueous 

solution was added to the mixture to adjust the pH value to 7. The reaction mixture was kept in a 

microwave reactor at the temperature of 170˚C for 60 seconds. After the preparation the sample was 

rinsed with water and acetone and dried at room temperature. 
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P3FA – (Pd-ZrO2/f-MWCNTs PMWA FA) - before the XPS measurements the sample P3 – (Pd-ZrO2/f-

MWCNTs PMWA) rinsed with FA for 15 minutes.  

P4 – (PdAu-ZrO2/f-MWCNTs PMWA) - 10 wt. % Pd, 10 wt. % Au, 16 wt. % ZrO2, 64 wt. % of f-

MWCNTs prepared in an open reactor from ZrO2/f-MWCNT dispersed in an excess of ethylene glycol to 

which an adequate amount of aqueous solution of PdCl2 (5 wt. % in 10% HCl, Sigma) and AuCl3 

(ACROS) was added. Next NaOH aqueous solution was added to the mixture to adjust the pH value to 7. 

The reaction mixture was kept in a microwave reactor at the temperature of 170˚C for 60 seconds. After 

preparation the sample was rinsed with water and acetone and dried at room temperature.  

P4FA – (PdAu-ZrO2/f-MWCNTs PMWA FA) - before the XPS measurements the sample P4 – (PdAu-

ZrO2/f-MWCNTs PMWA) rinsed with FA for 15 minutes.  

 

Apparatus 

 The scanning transmission electron microscopy (STEM) and scanning electron microscopy (SEM) 

pictures were taken using a high resolution scanning electron microscope HITACHI S-5500 in a bright-

field scanning transmission mode.  

 The XPS spectra were recorded in UHV using and ADES-400 spectrometer (VG Scientific, UK) 

equipped with a hemispherical analyser, a scanning electron gun (Kimball Physics, model EGG-3101) 

and X-ray excitation source. The XPS measurements were carried out using MgKα  radiation (hν=1253.6 

eV). The wide scans XPS spectra and detailed C 1s, O 1s, Pd 3d5/2-3/2, Zr 3d5/2-3/2, Au 4f7/2-5/2 and N 1s XPS 

spectra were recorded with the pass energy Ep=100 eV and Ep=20 eV, respectively. The X-ray incidence 

angle was of 70o and the photoelectrons emission angle was of = 0o, with respect to the surface 

normal.  
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Results and discussion 

STEM 

 The STEM and SEM images showed ZrO2 nanoparticles on the MWCNTs surface covering about 30 

percent of their surface area (Fig. 1). Their distribution, generally homogeneous, indicated also larger 

agglomerates of these nanoparticles. The average size of ZrO2 nanoparticles observed ranged from about 

5 nm to 15 nm.  

 

Quantitative analysis 

 The f-MWCNTs showed at the surface C, O and N, the sample ZrO2/f-MWCNTs showed Zr, C and 

O, whereas the samples P1-P4 - the presence of Pd, Zr, C, O and traces of Si (P2). The atomic content at 

the surface was quantified from the peak areas after Tougaard-type background subtraction [23], 

assuming a model of homogeneous distribution of atoms at the surface, Scofield photoionisation cross-

section, analyser transmission function and electron elastic scattering [24]. The quantitative evaluation 

proceeded using Pd 3d, Zr 3d, C 1s, O 1s and Si 2p spectra. For samples P1-P4 the area under Pd 3d 

spectra was evaluated from the fitting of the overlapping Pd 3d and Zr 3p spectra (Fig. 2) to the 

asymmetric Gaussian-Lorentzian GL(30) functions using XPSPeakfit4.1 software [25]. The results of the 

quantitative analysis were given in Table 1.  

 The highest content of Pd (close to the nominal resulting from the chemical synthesis, i.e. ca 20 wt. 

%) showed the samples prepared on f-MWCNTs using HPMWR (P1) and NaBH4 (P2) with Zr content 

lower than the nominal of 16 wt. %, i.e. 9.9-11.1 wt. %. In Pd-ZrO2/f-MWCNTs and PdAu-ZrO2/f-

MWCNTs samples prepared using PMWA method (P3, P4), also after rinsing with FA (P3FA, P4FA), the 

Pd content was lower (11.1-15.0 wt. %) than the nominal resulting from the chemical synthesis, whereas 

the content of Zr was close to the nominal, i.e. 16 wt. %. No significant changes in Pd content were 
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observed after treatment with FA. The content of Au in PdAu-ZrO2/f-MWCNTs was lower by about 6-7 

times than Pd after synthesis and FA.  

 The ratios of elemental surface content resulting from the quantitative analysis (Fig. 3) confirmed that 

the highest amount of Pd was observed for samples prepared using HPMWR (P1), whereas the presence 

of NaBH4 led to its slight decrease (P2). Samples Pd-ZrO2/MWCNTs and PdAu-ZrO2/MWCNTs 

prepared using PMWA method (P3, P4) showed significantly smaller Pd/Zr ratio, i.e. P3 > P4. Treatment 

with FA did not lead to significant changes in Pd decorated sample, whereas in PdAu decorated sample 

led to increasing Pd/Zr and Pd/Au ratios and decreasing Au/Zr ratio. This indicated that in HPMWR and 

NaBH4 using methods Pd decoration proceeded predominantly on ZrO2 nanoparticles, whereas in PMWA 

method Pd decorates also the surface of f-MWCNTs. Previously reported results by the XRD for 10 wt. 

% Pd 10 wt. % Au decorated f-MWCNTs showed two AuPd phases of different nanoparticles size i.e. 3.8 

nm (Au rich phase) and 5.3 nm (Pd rich phase), where reduction increased Pd content in PdAu 

nanoparticles, what was accompanied by slightly increasing size of Pd rich phase nanoparticles [12].  

 

Chemical bonding of C and oxygen groups 

 The chemical state of C surface atoms was analysed from C 1s (sp2, sp3, hydroxyl – C-OH, carbonyl – 

C=O, carboxyl – C-OOH groups) XPS spectra (Fig. 4). The spectra were processed after subtracting 

Tougaard-type inelastic backgrounds, using the fitting to asymmetric Gaussian-Lorentzian GL(30) 

functions to the components of binding energy (BE) referring to different chemical states, according to 

the respective data from the literature [26-31]. All the C 1s spectra were calibrated to BE value of 284.4 

eV. The difference between value of BE for the sp2 and sp3 component of 0.9 eV for amorphous carbon 

[29] and 0.8 eV for diamondlike films [30] have been previously reported. The difference of 1.3 eV was 

reported by Butenko at el. [28] for onionlike nanodiamonds, amorphous carbon film annealed above 1200 

K [31]. In the present work this value was applied due to obtaining the best fitting results (Table 2). The 

BE typical for oxygen groups depend on their nature and as compiled by Butenko et al. [28] they are 
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shifted from the sp2 towards higher BE values by 1.3-2.4 eV (C-OH), 2.6-3.5 eV (C=O) and 4.3-5.4 (C-

OOH). The BE values applied for fitting being within the reported in the literature energy range and the 

atomic percent of different C chemical states are enclosed in Table 2.  

 The f-MWCNTs and ZrO2, Pd and PdAu nanoparticle decorated f-MWCNTs indicated the presence of 

C sp2, sp3 hybridisations, oxygen groups like hydroxyl, carbonyl and carboxyl (Table 2, Fig. 4). Amount 

of C sp3 ranges from 7.24 at. % to 10.76 at. % (P1-P4 samples) with the highest content for samples 

prepared by PMWA method and decreasing content after FA, i.e. from 10.76 at. % to 10.11 at. % (P3) 

and from 10.31 at. % to 9.49 at. % (P4). Respective value for f-MWCNTs and ZrO2 decorated f-

MWCNTs was 11.47 at. % and 10.53 at. %, respectively. The line shape of the first-derivative carbon 

KLL (KVV) spectrum sensitive to density of states (DOS) describing a linear combination from atoms 

involving sp2 (graphite) and/or sp3 (diamond) bonds can be used as a fingerprint of the carbon material 

(Fig. 5a) [32,33]. Changes in the carbon structure involve π DOS at about 280 eV, whereas changes in the 

region of about 240-260 eV reflect many-body correlation effects [34]. Parameter D, proposed by 

Laskovich et al. [35], defined as an energy difference between the maximum and minimum of the first-

derivative C KLL spectra, may be applied for evaluating the C sp2/sp3 content from the linear 

interpolation of the respective values for  diamond (100% of sp3 bonds) and graphite (100% of sp2 bonds). 

Literature reports the values of parameter D for diamond in a range of 13.0-16.4 eV and for graphite in a 

range of 21.1-23.1 eV [32-36], depending on the grain size and crystallinity and generally decreasing 

under oxygen impurities [36]. Parameter D evaluated from the first-derivative of the C KLL spectra 

assuming the value of 13.4 eV for diamond and 23.1 eV for graphite, ranges from 20-22 eV, indicating 

predominant C sp2 hybridisations, although the shape of all the spectra shows different local disorder (Fig. 

5a). Comparison of C sp2/C sp3 ratio resulting from the C 1s fitting (Table 2) and parameter D (C KLL 

spectra), i.e. from various information depths (Fig. 5b),  indicated inhomogeneous distribution of sp2/sp3 

bonds at the surface. Assuming a straight line approximation model (SLA) the information depth (ID) of 

a specified signal percentage (P), described by the equation: ID(P)=λcosαoutln(1/(1-P/100)), where λ is 
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the electron IMFP and αout is the emission angle with respect to the surface normal [37], the value of ID 

(P=45 %) is about 2.4 times smaller for the C KLL signal. Therefore, differences may be prescribed to a 

larger content of C sp3 at the surface (f-MWCNTs, NaBH4 preparation – P2, FA treatment – P3FA, P4FA) 

and a larger content of C sp2 at the surface resulting from an overlayer of amorphous carbon due to 

preparation procedures (ZrO2/f-MWCNTs, PMWA method – P3, P4). Results of C 1s fitting including 

the photoelectron inelastic loss on electrons forming π bonds, i.e. the ratio of intensity of C 1s π plasmon 

to C sp2 and sp3 bonds versus the π energy loss (Fig. 5c) are in agreement indicating increasing value of 

intensity of C 1s π plasmon to C sp2 and sp3 and π energy loss is attributed to a larger C sp2 content [38].  

 Decoration of f-MWCNTs with 20 wt. % ZrO2 nanoparticles led to decrease of content of functional 

groups, like hydroxyl, carbonyl and carboxyl, from the MWCNTs surface (Table 2, Fig. 6). Further 

decoration of ZrO2/f-MWCNTs with Pd and PdAu nanoparticles and treatment with FA led to increasing 

content of oxygen groups, more significantly in PMWA method than in HPMWR and method using 

NaBH4. Modification of oxygen groups (C-OH, C=O, C-OOH) content depended on the preparation 

method applying different temperatures, where oxygen groups also underwent thermal decomposition at 

various temperatures, i.e. 150 oC (C-OOH) and above 400 oC (C-OH and C=O) [39].  

 

Chemical bonding of Zr  

 The chemical state of Zr was analysed from Zr 3d5/2-3/2 spectra submitted to Tougaard’s inelastic 

background subtraction procedure and fitting to Gaussian-Lorentzian GL(30) function. The features of the 

Zr 3d spectra, like the BE of Zr 3d5/2 and differences between BE of Zr 3d5/2 and Zr 3d3/2 doublet (∆BE 

Zr5/2-3/2), so called Zr 3d doublet splitting, were evaluated (Table 3). The Zr 3d spectrum of ZrO2 

indicated the BE of Zr 3d5/2 at 182.6 eV, according to the literature data [26]. The respective spectrum 

recorded from the ZrO2/f-MWCNTs was shifted towards the higher BE values by 0.5 eV, i.e. to 183.1 eV 

(Table 3). This was accompanied by decreasing number of C=O and C-OOH groups (Table 2, Fig. 6) and  
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decreasing Zr 3d doublet splitting (Table 3), indicating formation of bond between ZrO2 nanoparticles 

and functional groups of the MWCNTs, reported elsewhere [14].  

 Further decoration of ZrO2/f-MWCNTs with Pd and PdAu nanoparticles provided the Zr 3d5/2 BE shift 

towards higher energies (183.0±0.1 eV) with respect to this value for ZrO2 (182.6 eV), suggesting 

formation of the chemical bond of Pd and PdAu nanopartcles via oxygen groups and/or ZrO2.  Value of 

this shift depended on reducing conditions Weak PMWA reducing conditions in ethylene glycol (P3-P4), 

provided no shift. The HPMWR and NaBH4 reducing conditions provided a shift from 183.1 eV to 183.7 

eV (P1) and to 183.4 eV (P2), respectively. Value of Zr 3d doublet splitting decreased from 2.40 eV 

(ZrO2) to 2.34-2.38 eV (P1-P4) confirming interaction of ZrO2 with Pd and PdAu, probably via oxides 

and/or oxygen groups at the surface of functionalised MWCNTs. Similar decrease of Zr 3d doublet 

splitting value from 2.4 eV to 2.2 eV was reported for PdZrO2 catalysts prepared using different 

procedures and was interpreted as resulting from formation of Zr-O-Pd chemical state [40]. Formation of 

an intermetallic compound, such as PdOZrOx, was confirmed elsewhere by the EPMA microanalysis 

[41]. Treatment with a formic acid of P3 and P4 samples does not provide significant differences in the Zr 

3d5/2 BE value and Zr 3d doublet splitting, indicating no significant influence of reduction with FA on Zr-

O-Pd chemical state.  

 

 

Chemical bonding of Pd  

  Chemical state of Pd was investigated from the Pd 3d5/2-3/2 (and overlapping Zr 3p) spectra after 

subtracting Tougaard-type inelastic backgrounds and fitting asymmetric Gaussian-Lorentzian GL(30) 

functions to the components referring to different possible chemical states [26,42,43]. Results of fitting of 

the Pd 3d spectrum overlapping with Zr 3p spectrum (Fig. 2 and 4), considering metallic Pd, PdO, PdO2 

[26,42], PdCx [43,44] and Pd attached via oxides and/or oxygen groups [45], and values of the Zr 3d5/2 BE 

shift and Zr 3d doublet splitting were shown in Table 3. The values of BE for Pd 3d5/2 spectra in  PdO and 
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PdO2 resulting from the fitting (Table 3) were in the range of values reported in the literature, i.e. 336.3-

337.2 eV (PdO) and 337.9-339.3 eV (PdO2) [42 and references within]. Values of Zr 3d doublet splitting 

decreasing to 2.34 eV would suggest interaction of Zr with Pd[OC(O)CH3]2 [45]) and formation of Pd-

zirconia phase via oxygen groups of f-MWCNTs. 

 Sample prepared by the HPMWR method (P1) showed the highest content of Pd oxides and Pd-

zirconia intermetallic phase (Table 3, Fig. 7). Conditions of NaBH4 (P2) led to the least content of Pd 

oxides and insignificant Pd-zirconia intermetallic phase. The PMWA method led to formation of Pd 

oxides in Pd decorated samples, whereas in PdAu decorated samples Pd oxide significant content of 

intermetallic Pd-zirconia phase was observed. In HPMWR method the BE value for PdO (336.6 eV) 

indicated surface oxide phase, whereas in PMWA method bulk PdO was observed at 337.0±0.1 eV  [42]. 

Formation of PdCx phase due to carbon contaminations from ethylene glycol and/or MWCNTs substrate 

proceeded in Pd decorated samples prepared by HPMWR and PMWA methods. Similar results were 

reported previously for Pd decorated f-MWCNTs prepared using the same methods [13]. Reduction with 

hydrogen resulted also in formation of PdCx in Pd decorated f-MWCNTs [11], with no similar effect in 

PdAu decorated f-MWCNTs [12]. Formation of Pd-O-Zr phase in PdAu decorated ZrO2/f-MWCNTs in 

contrary to Pd decorated samples prepared by PMWA method could be justified by different electronic 

properties due to alloy formation and decreasing of the nanoparticle size.  

 The BE values for metallic Pd vary for different preparation procedures (Table 3). This BE shift was 

interpreted as resulting from the initial and final state effects.  As reported by Wertheim et al. [46] for Pd 

clusters with decreasing cluster size the unfilled 4d band valence band spectra show the d-band narrowing 

and a positive shift of the binding energies. The BE values of Pd 3d5/2 spectra indicated the largest Pd 

nanoparticles for preparation using HPMWR method (P1), whereas preparation by PMWA method (P3, 

P4) and FA treatment (P3FA,P4FA) led to smaller nanoparticle sizes. The smallest nanoparticle size was 

observed for a sample prepared using NaBH4 reducing agent.  
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Chemical bonding of Au  

 The chemical state of Au in P4 and P4FA samples was analysed from Au 4f7/2-5/2 spectra submitted to 

Tougaard’s inelastic background subtraction procedure and fitting to Gaussian-Lorentzian GL(30) 

function. The BE values of Au 4f7/2, the Au 4f7/2-5/2 doublet splitting and the FWHM values were analysed 

(Table 3). The Au 4f7/2 BE values for PdAu-ZrO2/f-MWCNTs being 83.6 eV (after synthesis – P4) and 

83.8 eV (treatment with FA – P4FA) (Table 3) differ from the respective values for metallic Pd, i.e. 

BE=84.0 eV [26], due to the presence of PdAu phase reported elsewhere for the same preparation method 

[12]. The reported values of Au 4f7/2-5/2  doublet splitting, i.e. 3.60 eV (P4) and 3.57 eV (P4FA), and 

FWHM, i.e. 2.26 eV (P4) to 2.32 eV (P4FA), being smaller than the respective values for a bulk Au, i.e. 

Au 4f7/2-5/2 splitting of 3.67 eV [26], result from nanoparticles formation. As reported previously for Au 

4f7/2 spectrum [47], decreasing of nanoparticle size is accompanied by increasing values of BE, with 

increasing values of Au 4f7/2-5/2 splitting and FWHM. Formic acid treatment led to increasing value of BE, 

and negligible changes of Au 4f7/2 doublet splitting and FWHM values. Results reported previously for a 

polyol microwave-assisted prepared 20 wt. % PdAu nanoparticles on functionalised MWCNTs confirmed 

the existence of two PdAu phases, i.e. Pd rich and Au rich, where reduction at 200 oC in hydrogen led 

only to modification of both phases compositions [12], what could explain the BE shift reported in the 

present work of PdAu/ZrO2/MWCNTs obtained after FA. Otherwise, no significant modifications of 

lattice parameters and nanoparticle size were observed [12].  

 

Surface morphology 

 Surface morphology of Pd/PdAu-ZrO2 decorated f-MWCNTs was evaluated using Pd 4p, Au 4f and 

Zr 3d XPS spectra (including the inelastic background in the spectra vicinity) recorded from the 

investigated samples and the respective spectra from a clean metallic Pd, Au and ZrO2 by the QUASES-

Analyze procedure [15]. For evaluating the surface coverage of different nanoparticles the Buried Layer 

Model with respective standards (ZrO2, Pd, Au) was applied (Fig. 8). For determining the nanoparticles 
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height the Passive Substrate Model accounting for the evaluated previously coverage was used (Table 4).  

Evaluation accounted for an analyser transmission function [48], universal cross-section for inelastic 

scattering implemented into the software and the inelastic mean free path values by Tanuma et al. [21] 

(Table 4). The density of clusters per cm2 (n), assuming a spherical cluster size, was evaluated from the 

equation [19]:  

 

,                  (1) 

 

where πR2 is the projected area of a given spherical cluster, R is the radius in Å and f1 is nanoparticles 

surface coverage. The thickness of PdOx overlayer on Pd, XPdO, was evaluated according to the equation: 

 

,                 (2) 

where A= , 

 

and R is the diameter of Pd/PdOx nanoparticle evaluated from the QUASES, NPd and NPdO are atomic 

percent of Pd and PdO, MPd (106.42 g mol-1) and MPdO (122.42 g mol-1) are molar mass of Pd and PdO, 

ρPd (12.023 g cm-3) and ρPdO (8.3 g cm-3) are the densities, respectively.  

 The values of surface coverage of ZrO2, Pd and Au nanoparticles were shown in Fig. 8. The 

exemplary adjustment of the spectra including the inelastic background to the respective spectra recorded 

from the clean standard for evaluating the ZrO2, Pd and Au nanoparticle size were shown in Fig. 9, 

whereas the values of ZrO2, Pd, Au nanoparticle size and density per unit area (Eq(2)) and PdOx overlayer 

thickness (Eq (1)) were listed in Table 4. The ZrO2/f-MWCNTs sample indicated the ZrO2 nanoparticles 

of 13.7 nm diameter covering about 30 % of the f-MWCNTs area (Table 4, Fig. 1 and 8). Further 

decoration of ZrO2/f-MWCNTs with Pd by HPMWR method (P1) and using NaBH4 (P2) led to 

https://onlinelibrary.wiley.com/doi/full/10.1002/sia.6290


 
 This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for publication, Surface 
and Interface Analysis © Wiley Online Library after peer review. To access the finaledited and published work see 
https://onlinelibrary.wiley.com/doi/full/10.1002/sia.6290 

 
 

significant decrease of ZrO2 coverage due to deposition of Pd nanoparticles on ZrO2. In samples prepared 

by the PMWA method (P3, P4) the coverage of ZrO2 remained similar to that for ZrO2/f-MWCNTs, 

indicating precipitation of Pd and PdAu nanoparticles on the surface of f-MWCNTs. Treatment of 

samples P3 and P4 with FA led to significant increase of ZrO2 coverage, slight increase of Pd and PdAu 

coverage and decrease of all nanoparticle size (Table 4, Fig. 8). Different conditions of preparation did 

not lead to significant differences in ZrO2 nanoparticle size (12.3-14.0 nm) in contrary to Pd nanoparticles 

(6.9-16.1 nm). Conditions of HPMWR provided a larger size of Pd nanoparticles (16.1 nm) than 

conditions using PMWA method (9.4 nm) and NaBH4 (6.9 nm). The largest thickness of PdOx overlayer 

was observed for sample prepared in HPMWR conditions (2.16 nm) decreasing for preparation conditions 

in NaBH4 to 0.16 nm. The PMWA conditions led to an intermediate value of Pd oxide overlayer 

thickness (0.32-0.35 nm), decreasing after FA (0.24-0.29 nm). However, the estimation applying Eq. (2) 

led to significantly underestimated values of overlayer thickness. The QUASES analysis indicated 

decrease of Pd and PdAu nanoparticle size after FA, i.e. from 9.4 nm to 8.2 nm (Pd) and from 9.5 nm to 

8.6 nm (PdAu) due to reduction of Pd oxides (Table 3).  

 Previously reported results for Pd-ZrO2/f-MWCNTs prepared by the PMWA method on Pd 

nanoparticle size, i.e. 8 nm (XRD) and 6-8 nm (HR-TEM) [14], are consistent with results obtained in the 

present work, i.e. 9.4 nm (QUASES). The ZrO2 nanoparticle diameters (14.0 nm) were larger than 

previously reported, i.e. 8-10 nm (HR-TEM) and 4.4 nm (XRD) [14]. Discrepancies between evaluation 

by the HR-TEM and XRD arose from the sensitivity of methods for distinguishing amorphous ZrO2 

nanoparticles. Also, the QUASES procedure does not account for electron elastic scattering effect, which 

for rough surfaces modifies the signal intensity leading to an evaluation error of about several percent 

[49]. The size of PdAu nanoparticles obtained by the QUASES in PdAu-ZrO2/f-MWCNTs (PMWA), i.e. 

5.5 nm (Table 4) was comparable to the value obtained previously for PdAu/f-MWCNTs (PMWA 

method), i.e. 5.4 nm (TEM) and 3.9 nm for Au rich phase and 5.2 nm for Pd rich phase (XRD) [12]. The 

size of Pd nanoparticles decorating ZrO2/f-MWCNTs obtained using HPMWR, NaBH4 and PMWA 
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methods was larger than this obtained using the respective methods on the f-MWCNTs, i.e. 16.1 nm, 6.9 

nm and 9.4 nm (QUASES) and 4.4 nm, 3.28 nm and 7.36 nm (XRD and XPS) [13].  

 The systematic error due to the application of the QUASES method resulted from: (i) samples 

surface roughness, (ii) systematic error in the values of the input parameters, i.e. the inelastic mean free 

path (IMFP), universal differential cross section, (iii) assumptions of the model not accounting for the 

interface between metallic nanoparticles and oxide overlayer. However, the largest contribution to the 

error in the results obtained by the QUASES is expected due to neglecting electron elastic scattering, 

where recent results [49] reported a significant influence of surface roughness on the photoelectron signal 

intensity.   

 

Conclusions 

 Preparation conditions using various reduction procedures provided Pd, PdAu and ZrO2 decorated f-

MWCNTs samples of different chemical and structural properties. Conditions in HPMWR led to Pd 

nanoparticles situated predominantly on ZrO2, largest Pd nanoparticle size with a thickest PdOx overlayer, 

PdCx phase and significant Pd-zirconia intermetallic phase, confirmed by the BE shift of Zr 3d5/2, Zr 3d 

doublet splitting. Conditions of PMWA method provided smaller Pd and PdAu nanoparticles situated 

predominantly on the surface of f-MWCNTs, less significant PdOx overlayer thickness. Formation of 

PdCx phase was observed in Pd decorated samples prepared by weak reduction methods (HPMWR and 

PMWA). No PdCx phase was observed at PdAu decorated samples. Formation of significant content of 

Pd-zirconia intermetallic phase was observed in Pd decorated samples prepared by HPMWR method and 

in PdAu decorated samples prepared by PMWA method. Preparation using NaBH4 led to Pd 

nanoparticles deposited predominantly on ZrO2, the smallest Pd nanoparticles size, Pd oxide content, 

PdOx overlayer thickness and insignificant Pd-zirconia intermetallic phase present.  
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 Reduction in FA of Pd and PdAu decorated ZrO2/f-MWCNTs samples provided decreasing Pd, PdAu 

and ZrO2 nanoparticle size, increasing nanoparticles surface coverage due Pd oxides and functional 

groups reduction.  

 Method of XPS spectra analysis using the QUASES provided information on surface morphology, 

like nanoparticle surface coverage and size. The XPS aided with the QUASES may be applied as a 

complementary tool for determining the surface structural parameters.  
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Table 1. The results of surface quantitative analysis.   

 
Sample Element atomic % Element weight % 

Pd Zr 
 

Au O C N Pd 
 

Zr Au O C 
 

N 

f-MWCNTs - - - 9.3 89.2 1.5 - - - 12.0 86.3 1.7 
 

ZrO2 /f-MWCNTs - 3.3 - 13.4 83.3 - - 19.7 - 14.2 66.1 - 
 

P1 4.2 2.0 - 20.2 73.6 - 24.2 9.9 - 17.7 48.2 - 
P2* 4.7 2.3 - 20.6 72.4 - 26.3 11.1 - 17.2 45.4 - 
P3 2.4 2.9 - 14.2 80.5 - 15.0 15.4 - 13.2 56.4 - 

P3FA 2.2 2.7 - 18.5 76.6 - 14.0 14.4 - 17.4 54.2 - 
P4 1.8 3.1 0.3 15.8 79.0 - 11.1 16.3 3.3 14.6 54.7 - 

P4FA 2.1 3.4 0.3 14.5 79.7 - 12.8 17.2 3.1 13.1 53.8 - 
 
*Si – 4.4 at% corrected 
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Table 2. The atomic content of carbon and oxygen groups.  
 
 

Sample C chemical state – C 1s 
C sp2 

BE=284.4±0.1 eV 
C sp3 

BE=285.7±0.1 eV 
C-OH 

BE=286.7±0.1 eV 
C=O 

BE=287.9±0.1 eV 
C-OOH 

BE=288.9±0.1 eV 
at. % at. % at. % at. % at. % 

f-MWCNTs 65.87 11.47 6.38 3.50 1.98 
ZrO2/f-

MWCNTs 
63.16 10.53 5.46 2.78 1.37 

 
P1  56.75 7.24 5.79 1.29 2.42 
P2 54.79 8.81 4.74 2.65 1.41 
P3 59.25 10.76 6.17 2.86 1.46 

P3FA 56.46 10.11 5.59 2.95 1.49 
P4 59.06 10.31 5.66 3.35 0.62 

P4FA 59.53 9.49 6.14 2.90 1.64 
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Table 3. The atomic content of Pd chemical states, BE values of Zr 3d5/2, Au 4f7/2 , Zr 3d5/2 and Zr5/2-3/2 
doublet splitting.  

 
Sample Pd chemical state – Pd 3d5/2 Zr 3d5/2 Au 4f7/2 

PdCx  
BE=BEPd 
+0.6 eV 

Pd met PdO PdO2 
BE=338.0 
±0.1 eV 

Pd[OC(O)
CH3]2-ZrO2 
339.9±0.1 

eV 

BE (eV) ∆BE  
Zr5/2-3/2 

 

at. % BE (eV) at. % BE (eV) at. % at. % 

ZrO2 - - - - - - - 182.6 2.40 - 
ZrO2/f-

MWCNTs 
- - - - - - - 183.1 2.36 - 

 
P1 0.32 335.10 1.27 336.4 1.73 0.46 0.42 183.7 2.34 - 
P2 - 335.62 4.27 - - 0.39 0.04 183.4 2.38 - 
P3 0.37 335.33 1.78 337.0±0.1 0.06 0.19 - 183.0±0.1 2.37 - 

P3FA 0.61 335.24 1.42 337.0±0.1 0.02 0.15 - 183.0±0.1 2.37 - 
P4 - 335.45 1.36 337.0±0.1 0.06 0.15 0.23 183.0±0.1 2.34 83.6 

P4FA - 335.45 1.59 337.0±0.1 0.12 0.11 0.28 183.0±0.1 2.34 83.8 
 
 
 
 
 
Table 4. The morphology parameters resulting from the QUASES structural analysis.  
 

Sample 
 

Morphology parameters resulting from the QUASES XPS 
Zr 3d 

KE=1073 eV 
IMFP (ZrO2)=1.97 nm 

Pd 4p 
KE=1200 eV 

IMFP (Pd)=1.60 nm 

Au 4f 
KE=1170 eV 

IMFP (Au)=1.38 nm 

PdOx overlayer 
thickness (nm) 

ZrO2 particle 
height (nm) 

 

ZrO2 
particle density 

x1012 cm-1 

Pd/PdAu 
particle 

height (nm) 
 

Pd/PdAu 
particle density 

x1012 cm-1 

PdAu particle 
height (nm) 

PdAu particle 
density x1012 

cm-1 

ZrO2 /f-
MWCNTs 

13.7 19.9 -    - 

P1 13.6 9.2 16.1 3.1   2.16 
P2 13.9 10.2 6.9 13.6   0.16 
P3 14.0 18.4 9.4 8.4   0.32 

P3FA 12.3 32.8 8.2 14.0   0.24 
P4 13.9 15.5 9.5 6.8 5.5 1.7 0.35 

P4FA 13.6 36.1 8.6 16.7 6.0 2.8 0.29 
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Fig. 1. Pictures of (a) STEM and (b) SEM presenting the functionalised MWCNTs decorated with 20 

wt. % of ZrO2  nanoparticles.  
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Fig. 2. Comparison of XPS Pd 3d-Zr 3p spectra recorded from the investigated samples. The sample 

notation is taken from the section 2.1.  
 

 
 
Fig. 3. The atomic concentration ratio of Pd/Zr, Pd/Au and Au/Zr content resulting from the 

quantitative analysis (Table 1). The sample notation is taken from the section 2.1.  
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Fig. 4. The exemplary XPS C 1s Zr 3d, Pd 3d and Au 4f spectra fitted to different chemical states using 

asymmetric Gaussian-Lorentzian functions. The sample notation is taken from the section 2.1.  
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Fig. 5. Comparison of: (a) the first derivative C KLL Auger spectra recorded from the investigated 

samples, (b) C sp2/C sp3 ratio resulting from the fitting of the C 1s spectra (Table 2) and C KLL 
parameter (assuming a straight line interpolation between 100 C sp3 – 13.4 eV and 100 sp2 – 
23.1 eV) and (c) ratio of intensity of electron inelastic loss on π bonds to the amount of C sp2 
and sp3 bonds versus electron inelastic energy loss on π bonds. The sample notation is taken 
from the section 2.1.  
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Fig. 6. The ratio of oxygen chemical groups to C sp2 resulting from the fitting of the XPS C 1s spectra. 

The sample notation is taken from the section 2.1.  
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Fig. 7. The ratio of Pd oxides (PdO and PdO2) and Pd-O-Zr to metallic palladium resulting from the 
fitting of the XPS Pd 3d spectra. The sample notation is taken from the section 2.1.  

 
 
 
 

                       
 
Fig. 8. Coverage of ZrO2, Pd and Au resulting from evaluation of XPS Zr 3d, Pd 4p and Au 4f spectra 

using the QUASES analysis. 
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Fig. 9. The results of adjustment of the XPS Zr 3d, Pd 4p and Au 4f spectra recorded from the 

investigated samples and the standards (ZrO2 , metallic Pd and Au) for evaluating the ZrO2, 
PdAu and Pd/PdAu nanoparticle size using the QUASES-Analyze. The sample notation is taken 
from the section 2.1.  
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Suplementary material 
 

 
 
The XPS Au 4f spectra fitted to Gaussian-Lorentzian components.  
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The XPS Pd 3d spectra fitted to Gaussian-Lorentzian components reflecting different Pd chemical states.  
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The XPS C 1s spectra fitted to Gaussian-Lorentzian components reflecting different oxygen groups.  
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The results of the QUASES-Analyze adjustment of the XPS Zr 3d spectra recorded from the investigated 
samples to the respective spectrum from the ZrO2 standard for evaluating ZrO2 nanoparticle size. The 
sample notation is taken from the section 2.1.  
 
 

 

 

 
The results of the QUASES-Analyze adjustment of the XPS Pd 4p spectra recorded from the investigated 
samples to the respective spectrum from and the Pd standard for evaluating the Pd and PdAu nanoparticle 
size. The sample notation is taken from the section 2.1.  
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The results of the QUASES-Analyze adjustment of the XPS Au 4f spectra recorded from the investigated 
samples to the respective spectrum from the Au standard for evaluating the PdAu nanoparticle size. The 
sample notation is taken from the section 2.1.  
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