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Features of structural-phase state of Pd-Ag
nanoparticles supported on silica gel

In this paper we synthesized and investigated mono- and bimetallic Pd-Ag nano-
particles supported on silica. The parameters of the crystal structure of supported
Pd-Ag nanoparticles were investigated by X-ray diffraction (XRD). It was found that
the addition of silver results in a distortion of the crystal lattice of palladium, which
may indicate the interaction between the phases of silver and palladium on the sup-
port surface. Furthermore, the elemental composition of the formed metal particles
was analyzed by energy dispersive spectroscopy (EDS) and by X-ray photoelectron
spectroscopy (XPS).

Key words: Palladium alloys; bimetallic alloys; Pd-Ag nanoparticles; X-ray dif-
fraction (XRD); X-ray photoelectron spectroscopy (XPS).

Alloys based on palladium possess unique physical-mechanical and phys-
ical-chemical properties. This contributes to their wide application in various
sectors of the chemical industry [1]. Palladium-based alloys are used as mem-
brane materials, as they have the necessary set of functional properties: a good
hydrogen permeability, high mechanical strength and thermal resistance in a
gaseous environment. Palladium alloys are widely used in catalysis. Practical
application of the system are bimetallic Pd-Cu, Pd-Ni, Pd-Ag, Pd-Au, Pd-Rh,
Pd-Ru and al. [2].

Palladium refers to the VIIIA group of the D.I. Mendeleev’s periodic ta-
ble unfinished 4d-shell and has the properties typical of the group of transition
elements. Like most of the elements palladium forms a complex system with a
large number of chemical compounds. On the other hand, palladium dissolves
well alloying metals, forming large areas of homogeneous solid solutions [3, 4].
In systems based on palladium the second forming-alloy metal elements are
neighbors of palladium in the periodic table: cobalt, rhodium, iridium from VIIA
subgroups, nickel and platinum from VIIIA subgroup (to which belongs palladi-
um) and copper, silver and gold from the IB subgroup. These elements form
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alloys with electronic structure close to palladium [5]. In the above systems,
binary alloys based on palladium very well meet the conditions of formation of
continuous series of solid solutions of metal compounds [3]:

— lattices forming the alloy elements of the same type (with the exception
of Co);

— atomic similarity components forming compounds (proximity and size
of the electronic structure of atoms);

— type of chemical bond in the compounds of the same.

Under these conditions, the mixing energy

_ UAA + UBB
w=U, 5 ,
(where U,p, U4y, Upp — the potential energy of interaction between the atoms of
different sorts (AB) and the same sorts (44 u BB) respectively) is close to zero,
which is a necessary condition for the formation of solid solutions [6].

Modern industrial catalysts are usually complex multicomponent systems,
even when the two metal components forming the system have the same struc-
tural phase state [5]. Currently, active and stable catalysts based on supported
noble metal particles, in particular palladium, are widely used in the chemical
and petrochemical industries in various reaction such as a wide range of hydro-
genation processes, cracking, polymerization, hydrotreating and oxidation. In
complex catalytic processes are increasingly used systems based on nanoparti-
cles bi- and polymetallic alloys [7]. A great interest in literature is given to
Pd-Ag nanoparticles supported on different supports. Catalysts based on them
are promising among bimetallic systems in selective hydrogenation reactions [§]
and deep oxidation of CO [9]. Catalytic and adsorption properties of bimetallic
systems are directly related to the structural-phase and the valence state of bime-
tallic Pd-Ag nanoparticles.

Interesting results related to this study were obtained by XPS for Ag [12—
14], Pd [15-19] and Pd-Ag [20, 21] nanoparticles. For the supported metal na-
noparticles some interesting effects can be observed (eg, asymmetry, chemical
shift, broadening, etc.) in the photoelectron spectra, depending on the size of the
particles (see [10—11] and references therein). In particular, the chemical shift 1—
2 eV and a significant broadening of the peaks of the core levels were observed
for small nanoparticles (2-3 nm in diameter) compared to the volume of the
metal [12—19].

Based on the foregoing, this study show that the structure-phase and the
valence state supported bimetallic particles are important parameters. The aim of
the present paper was to study the structural phase state of mono- and bimetallic
nanoparticles of palladium and silver, which are the active components of the
catalysts Pd-Ag/SiO,. The nature of the interaction between palladium and silver
on the surface of the support has been studied by X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). The research of structural and valence
state of Pd-Ag bimetallic nanoparticles in catalysts supported on silica was per-
formed and a comparison with the monometallic palladium and silver catalyst
was done.
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Experimental part
Synthesis support

Support SiO, was prepared by sol-gel method using tetraethyl orthosili-
cate (TEOS) as the silicon oxide precursor, water as the solvent and concen-
trated nitric acid as the hydrolysis catalyst. The components were mixed in a
volumetric ratio of TEOS:H,O:HNO; = 12:12:1 and stirred at room temperature
for 1 hour. Then, the resulting sol was placed in a sealed container and allowed
to gelation and maturation of the gel at 50°C for 3 days. The resulting gel was
dried at 50°C for 15 hours and calcined at 500°C for 5 hours to remove residual
organic substances and fixing structure of silica gel. The gel was then subjected
to a hydrothermal treatment with aqueous ammonia at 120°C for 3 hours to
change the pore structure — from a microporous to a mesoporous system [22].
Then the silica gel was dried to remove residual ammonia, and calcined at
900°C for 5 hours to fix the porous structure and reduce the amount of surface
silanol groups [23].

Synthesis catalysts

Palladium catalysts were synthesized by incipient wetness impregnation
with an aqueous solution of tetrachloropalladium acid, which was obtained by
dissolving palladium in a mixture of concentrated nitric and hydrochloric acid at
a volume ratio of 1:3. The samples were then calcined in air at 500°C for 5 h. to
complete palladium precursor decomposition. To obtain silver-containing cata-
lysts, calcined samples of catalysts containing palladium were impregnated with
an aqueous solution of silver nitrate. Finally, the samples were subjected to an
oxidation treatment at 500°C to decompose the silver precursor. The quantitative
characteristics of the synthesized samples with a variable ratio of Pd:Ag are
shown in table 1.

Table 1
The volume content of components in the samples (wt. %)
Sample
Element Pd Pd:Ag (1:1) Pd:Ag (1:3) Ag
Pd 3.7 1.3 2.2 0.0
Ag 0.0 1.4 5.8 7.0

Specific surface area

Measurement of the specific surface area, pore volume and pore size dis-
tribution of support was carried out by using the method of low-temperature
(—196°C) nitrogen adsorption in an automatic gas adsorption analyzer TriStar
3020 («Micromeritics», USA). The specific surface area was calculated by BET
multipoint method with straightening adsorption isotherm in the range of P/P® of
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0.05 to 0.30. Pore size distribution was analyzed by the desorption branch of the
isotherm adsorption-desorption of nitrogen by the method of Barrett Joyner
Halenda (BJH). Prior to sorption measurements the samples were subjected to
sorption thermal vacuum degassing processing at station VacPrep 061 («Micro-
metrics», USA) at a pressure of 50 mTorr and a temperature of 200°C for 2 hours
to remove the surface adsorbed water and other impurities from the sample.

X-ray analysis

The study of the phase composition of synthesized catalysts was conduct-
ed using the method of X-ray diffraction (XRD). XRD patterns were obtained
by powder diffractometer XRD 6000 («Shimadzu», Japan) using the CuK,, radi-
ation (. = 1.5418 A) and a Ni filter. Recording conditions: scanning speed
4.0°/min, scan angle range of 10° to 85°, step scan 0.03°, tube voltage 40 kV,
amperage 30 mA. The diffraction peaks of crystalline phases were processed
using software POWDER CELL 2.4. The phase identification was carried out
using a database PCPDFWIN on radiographs of the individual components. Cal-
culation of interplanar spacings (d, A) and crystal lattice parameters (a, A) was
carried out according to the Wulff-Bragg formula. The average crystallite size
(D, nm), which equates to the areas of coherent scattering, was evaluated by
Selyakov-Scherrer equation.

The elemental composition

Photoelectron spectra of the samples were recorded using X-ray photoe-
lectron spectrometer Escalab 250 (Thermo Scientific, USA) equipped with a
combined source of ion-electron surface charge compensation. Samples were
pressed, fixed on a double-sided copper tape and was then introduced into the
chamber of the spectrometer. For each of the samples was recorded a panoramic
range for elemental analysis, and then investigated the detailed spectra of the
regions of interest (Pd3d, Ag3d, Si2p, Ols, Cls). For the elements of interest
(Pd, Ag) the value of the pass energy was 20 eV to provide optimum energy
resolution. Full spectrum of d- and p-levels have been processed using Gaussian
and Lorentz functions, while optimizing the background. To determine the vol-
ume content of palladium and silver (to a depth of 2 microns) in the synthesized
samples energy dispersive spectroscopy (EDS) was used. The primary electrons
used for EDS were obtained by a field emission gun within the XPS spectrome-
ter Escalab 250 (Thermo Scientific, USA).

Results and discussion

The porous structure of the support was investigated by low-temperature
nitrogen adsorption. On isotherm adsorption-desorption of nitrogen (Fig. la)
there is a hysteresis loop in the relative pressure range from 0.9 to 1.0, indicating
a mesoporous structure of silica gel with a predominance of pores larger
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than 10 nm. From of the pore size distribution (Fig. 15) we can derive that the
synthesized silica has a characteristic pore size of 20—100 nm, with a low con-
tent of pores smaller than 10 nm. The use of macroporous silica gel as a support
reduces the effects of the porous structure of the support on the particles size of
the deposited active component. The specific surface area of the silica gel, as
determined by multipoint BET method, was 65.3 m’/g with a pore volume of
0.31 cm’/g. Interactions between the Pd and Ag can lead to the formation of in-
termetallic compounds on the surface of the support [24], as well as solid solu-
tions [25].
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Fig. la. Adsorption-desorption isotherms of silica gel
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Fig. 1b. Differential pore size distribution of silica gel

Figure 2 a shows diffraction patterns for monometallic palladium (Pd),
silver (Ag), and a mixed bimetallic Pd Ag nanoparticles (Pd:Ag (1:1), Pd:Ag
(1:3)) catalysts supported on silica. For all diffractograms we detect the charac-
teristic diffraction broad line from the amorphous support SiO, at angles 26 of
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15 to 35 with a maximum of ~22—-23. For monometallic systems containing only
nanoparticles of palladium (Pd) diffractogram have two peaks at angles 20
40.00° (111) and 46.54° (200), which correspond to the phase of metallic palla-
dium. A system comprising only nanoparticles of silver (Ag) has diffraction
peaks at angles 260 38.14° (111) and 46.23° (200), which is associated with the
presence of metallic silver phase.
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Fig. 2a. Diffractograms supported Pd-Ag nanoparticles reduced in H, at 500°C
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Fig. 2b. Fragments of diffractograms in the 20 angles from 36° to 48°
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In the case of bimetallic systems diffraction peaks, that are characteristic
of pure metallic Pd and Ag, shift: those of palladium to smaller angles 26 and
those of silver to large angles 20 (Fig. 2b). This is due to the distortion of the
crystal lattice, which in turn is caused by interfacial interaction between the pal-
ladium and silver on the surface of the silica without the formation of solid solu-
tion, because in this case the diffraction maxima would have been located be-
tween the lines corresponding to pure Pd and Ag. Interaction between palladium
and silver on the support surface can be associated with the formation of the
interface Pd/Ag with possible partial atomic mixing.

Using the Selyakov-Scherrer equation were calculated average particle
sizes of palladium and silver monometallic and bimetallic catalysts (Table 2).
The average size of the crystallites of palladium and silver, estimated
at 15 to 20 nm and 3 to 5 nm, respectively.

Table 2
Characteristics of the crystal structure
Sample [d;; (Pd), A] a (Pd), A | D (Pd), nm |d;; (Ag), A| a (Ag), A | D (Ag), nm
Pd 2.25 3.90 19.6 — — —
Pd:Ag (1:1) 2.26 3.91 16.0 2.32 4.02 3.2
Pd:Ag (1:3) 2.28 3.95 18.4 2.34 4.05 4.6
Ag — — — 2.36 4.09 3.5

dy1; — interplanar spacing; D — coherent scattering region (mean size); a — lattice constant.

Low intensity and broadened reflections of silver are associated with a
small size (in the field detection limit of XRD method, see Table 2) and a low
degree of crystallinity of the silver particles. While well-defined reflections,
even while reducing its contents within the catalyst, for the palladium metal
phase indicate the relatively large size of the particles of palladium (see Table 2)
and a high degree of crystallinity of the formed particles on the support surface.

For all samples was carried out elemental analysis of the surface. The re-
sults are shown in Table 3. In all the samples was observed a contribution of
pollution carbon. It is important to note, that in all samples the content of palla-
dium at the surface is always considerably lower, than in the bulk, which can be
explained by the predominant localization of silver on the surface [21], while
palladium may be localized bellow silver on the support.

For silver, the chemical shift of the Ag3d-line for silver nanoparticles of 2
nm is reported to be about 0.6 eV [12], however, this value is highly dependent
on the nature of the support. Peaks for silver nanoparticles having dimensions
from 2 to 6 nm in diameter exhibit some degree of asymmetry, in contrast to the
pure metal surfaces, the peaks of which are almost symmetrical. For the Pd-Ag
nanoparticles significant negative shift in the binding energy (—0.7 eV) Ag3d-
line core level in Pd-Ag samples, compared to metallic silver, which can be as-
sociated with the formation of Pd-Ag alloy and consequent charge transfer [20].
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Table 3

Content of elements on the surface according to XPS

Theelementalcomposition (wt.%)
Sample Pd Ag

Pd 0.5 -
Pd:Ag (1:1) 0.2 1.2
Pd:Ag (1:3) 0.2 3.0
Ag — 5.0
Ag3d5/2
Ag3d3/2 368,6
374,4 !\3 68,2
374,0
Ag
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Fig. 3a. XPS spectra of the binding energy of the levels Ag3d3/2 and Ag3d5/2
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Fig. 3b. XPS spectra of the binding energy of the levels Pd3d3/2 and Pd3d5/2
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For nanoparticles of palladium and palladium metal surfaces the photoe-
lectron peaks are asymmetric [15-19]; in the case of small nanoparticles, de-
pending on the support and the method use for preparation, the asymmetry of the
peaks, according to some authors, is associated with the oxidation of the surface
of the palladium nanoparticles that forms a non-stoichiometric oxide PdOy. The
chemical shift of PdO, nanoparticle surface compared to the metal palladium
reportedly amounts to 1.4 to 2.0 eV [15, 16, 19].

XPS spectra of silver samples of different composition are shown in Fig-
ure 3 a. For silver metal the binding energy levels of Ag3ds, and Ag3d;,, are
368.3 eV and 374.3 eV, respectively. It is interesting to note that the position of
the Ag3d-lines binding energy in the Pd-Ag samples are approximately
0.3-0.4 eV lower than for metallic silver, which is consistent with literature data
[20]. We can conclude that in the synthesized samples are not observed the for-
mation of solid solutions. The shift of 0.4 eV may be caused primarily to lower
dispersion of silver nanoparticles and the formation of an interfacial interface
Pd/Ag. The silver/ palladium ratio measured by XPS was larger than the one
measured by global analysis (ICP) indicating that silver occupies the surface
since it may form on top of the pre-formed palladium nanoparticles [21].

Figure 3b shows the XPS spectra of palladium samples of different com-
position. The noisy obtained spectra Pd3d is associated with low surface palla-
dium content in the synthesized samples. As shown in Figure 3 b, with changes
in the palladium content, the chemical shift was not detected in the spectra Pd3d.
This may be due to the large amount of palladium nanoparticles in the synthe-
sized samples, and with a low concentration of nanoparticles on the surface of
the silica gel.

Conclusions

In this paper we synthesized and investigated silver, palladium and Pd-Ag
bimetallic nanoparticles supported on silica which can be used as catalysts for
deep oxidation. It is found that in the bimetallic systems are not formed particles
representing a bimetallic alloy. There is aggregation of silver particles and pal-
ladium, to form a wide interfacial interface between the two metal atoms. Silver
particles are formed in a highly dispersed state. Bimetallic particles with a wide
interface may be active in catalysis due to the division and reactions of parallel
processes on each particle.
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Oco6eHHOCTH CTPYKTYPHO-(a30Boro cocrosinusg Pd-Ag nanouacruu,
HAaHECEHHbIX HA CHIIMKAreJb

Cnnasbl Ha ocHoge nannaousi 061A0AIOM YHUKATIbHBIMU QUIUKO-XUMUYECKUMU
ceoticmeamu. Imo cnocobcmeyem WupoKomy UCNONIb308AHUIO DMUX CHIABO8 8 PA3-
JAUYHBIX OMPACTAX XUMUHECKOU npombluLienHocmu. Kamanusamopsl Ha ochose na-
a0UesbIX CNIAB08 WUPOKO UCHOTL3VIOMCA 6 Kamanuze. [Ipakmuueckoe npumenenue
Haxoosm cnnagel 6 cucmemax Pd-Cu, Pd-Ni, Pd-Ag, Pd-Au, Pd-Rh, Pd-Ru u op.

C OonbUUHCMBOM dNIeMEHMO8 NANIAOULL 0OPA3yem CIONCHbIE CUCIEMbL ¢ 60b-
wium yuciom xumudeckux coeounenuil. C Opyeou cmopousl, naiiaduii Xopouio pac-
meopsem necupylowue Memaiivl, 00pays sHauumenvHvie 001ACMU MBEPObIX pac-
meopos. Bunaphvle cniasvl Ha OCHO8e NANIAOUS OYEHb XOPOULO COOMBEMCMBYIOMm
VCIOBUAM 0OPA308AHUA HENPEPLIBHLIX P08 MEEPObIX PACMBOPO8 OJid Memaniuye-
CKUX COCOUHEHU.

Hcnonvzyemvie cospemMeHHOU NPOMIUIEHHOCBIO KAMANUIAMOPYL, KAK NPAGUI0,
AGNAIOMCS CILOMHCHOIMU MHOLOKOMNOHEHMHBIMU CUCEMAMU, NPUYEM HUCTIO KOMNO-
HEHMO8 8 NPOMbIULEHHBIX KAMANU3AMOpax 4acmo 8ecbMa 3HAYUmMenvHo. Yce npu
08YX 06pa3yIoWux CUCMeEMy KOMNOHEHMAX CMPYKMYPHO-ha306ble COCMOAHUA KOM-
NOHEHMO8 Kamanuzamopa mo2ym Obinb O0B0IbHO CLONCHBIMU U PASHOOOPASHLIMU.
Bce uawje ucnonvsyiom cucmemvl Ha ocrHose naHouacmuy 6u- U NOIUMEMAIULECKUX
Ch1agos.

bonvwou unmepec yoensiemes Pd-Ag nanovacmuyam, HaHeCeHHbIM HA PA3TUYHbLE
Hocumenu. Tak, KAMAanu3amopsl Ha ux OCHOBE AGIANMCA OOHUMU U3 NEPCHEKMUBHBIX
cpeou OGUMEMANTUYECKUX CUCeM 8 PeaKYUAX CeNeKMUBHO20 2UOPUPO8anus u 2iybo-
koeo okucnenus CO. Kamanumuueckue u adcopoyuonuvle ceolicmea Kamanumuue-
CKUX cucmem 6yOym HANPAMYIO C8A3aHbL CO CIMPYKMYPHO-(A308bIM U BANEHMHBIM
cocmosinuem bumemannudeckux Pd-Ag nanouacmuy. Hcxoos u3 eviuieckazannoeo,
uccnedoganue ocobenHocmell CmpyKmypHO-@Pa308020 COCMOAHUA U 8AIEHMHOZ0 CO-
CMOAHUSA HAHECEHHBIX OUMEMANIUYECKUX YACUY ABNACMC S AKMYAIbHbIM.

Lenvio nacmosweii pabomul AGIANOCH U3YYEHUE CMPYKMYPHO-PA3068020 cOCMOs-
HUSL MOHO- U OUMEMAIIUYECKUX HAHOYACMUY NALIA0Us U cepebpa, HAHECEHHbIX HA
CUnUKazenb, ABIAIOWUXCA AKMUBHBIMU KOMNOHeHmamu kamanuzamopos Pd-Ag/SiO,.
Xapaxmep 83aumooeticmgust Mexcoy nauiaouem u cepedpom Ha NOBEPXHOCMU HOCU-
menst, ObLl U3yueH Memooamu peHmaeHoPaz06020 aHanu3a U PeHmeeHO8CKoU homo-
NEKMPOHHOU CHEKMPOCKONUU. Buinoineno ucciedosanue cmpykmypHo2o u 8aieHm-
HO20 cocmosHus Gumemantuieckux Pd-Ag nanouacmuy 6 Hanecennvlx Ha cunukazenb
kamanuzamopax. Ilposedeno cpasHenue c MOHOMEMANLTUYECKUMU NANTAOUESHIMU U
cepedpAHbIMU KAMATU3AMOPAMU.

B nacmosaweii pabome cunmesuposansvi u uccie008anvl cepebpsitvle, naiiaoue-
svie u Oumemaniuveckue Pd-Ag namouacmuybvl, HaHecenHble HA CUNUKA2ENb, KOMO-
pble mo2ym Obimb UCHONL308AHbI 8 Kayecmeée Kamaau3amopos 2inyboKo20 OKUCIEHUs.
Yemanosneno, yumo 6 bumemaniuveckou cucmeme He 00pa3yVIOMCA 4acmuybsl, npeo-
cmagnsiowue coboti bumemannuyeckui cnias. Habniooaemes azpecayus cepebpsinbix
U nannaouesvlx wacmuy ¢ 006pa308aHuUeM WUPOKO20 Mexchaznozo unmepgeiica



Features of structural-phase state of Pd-Ag nanoparticles

Medcoy amomamu 08yx memainnos. dacmuysl cepebpa popmupyomest 8 8biCOKOOUC-
nepchom cocmosinuy. Bumemaniuueckue yacmuysl ¢ wiupoxum medxcghaznvim uHmep-
heticom mocym 6vimb AKMUSHBIMU 8 KAMAAU3€, YMO C853AHO C pa30eleHueM PeaKyuil
U NAPALNLENLHBIMU NPOYECCAMU HA KAXCOOll Yacmuye.

Kniouesvie cnosa: cnnagul nauiadus; dumemannuyeckue cniasvl, Pd—Ag nanova-
cmuybl; peHmM2eHopazo6elll AHANU3; PEHM2EHOBCKAsl (DOMOINEKMPOHHAS CREKMpPO-
CKONuS.
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