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PROBING THE ELECTRONIC INTERACTION BETWEEN METAL AND 

SUPPORT ON Pd/TiO3 CATALYST WITH ADSORPTION OF HYDROGEN 

De@%MentofChesListry 
National Tsinghua University 
Hsinchu, Taiwan, Republic of China 

The formation of palladium hydride and its decomposition into 
constituents were studied with volumetric and TPD methods on a 
Pd/TiO 

2 
catalyst reduced at temperatures below 773 K. The hydrogen 

sorpti n isotherm of the volumetric study showed that the hydrogen 
pressure required for the formation of palladium hydride at room 
temperature for the catalyst reduced at elevated temperatures 
was higher than that for the catalyst reduced at room temperature. 
The TPD study under hydrogen isobar conditions showed that the 
temperature for the desorption of hydrogen from palladium hydride 
decreased with the increasing of reduction temperature. Both studies 
founs that the solubility of hydrogen into palladium crystallites 
of the catalyst was decreased by reduction treatment. These results 
were interpreted with a transfer of electrons from reduced support 
to palladium crystallites because of the reduction pretreatments. 
This transfer raised Fermi level of valence band of palladium 
crystallites and diminished electron vacancies remained in the 
valence band of Pd. The Pd-H2 adsorption/desorption phenomenon is 
a convenient indicator for monitoring electronic interactions 
between metal crystallites and support on supported Pd catalysts. 

Palladium not only adsorbs hydrogen on its surface but also 

absorbs hydrogen to form non-atoichioinetric hydride, P&y, in the 

bulk. Many fundamental researches on.this subject may be found in 

the literature 11-51. According to the reported pressure- 

composition-temperature (P-C-T) relationships (31, palladium is 

in the form of a-phase hydride (y-.01) under low hydrogen 

pressure at room temperature. As the hydrogen pressure is higher 

than 10 torr, the e-hydride dissolves more hydrogen and 

transforms into hydrogen rich b-hydride (y-.60), i.e., 

Pdiia + (b-a)/2 H2 # Pab (1) 
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where a and b are the y value in a and B-hydride, respectively. 

The hydrogen pressure required for the c to B-hydride phase 

transition, Ptrt increases with the system temperature. At 352 

K, Ptr becomes 76 torr. 

However, the amount of hydrogen dissolved into Pd/TiO2 may 

be suppressed by a treatment of hydrogen reduction on the 

catalyst. Burch et al. (6) found that the y value of Pd/TiO2 

catalyst reduced at 473 K (Low Temperature Reduction, LTR) was 

0.45. After a reduction at 773 K (High Temperature Reduction, 

RTR), this value was decreased to 0.11. Baker et al. (7) found 

that the hydrogen uptake in the bulk of Pd was decreased with 

increasing reduction temperature on 2-8 % Pd/TiO2 catalysts. 

Chang et al. (8) investigated the TRS (Temperature Resolved 

Sorption) phenomena of palladium catalyst. They also reported an 

increasing suppression of hydrogen absorption on Pd/TiO2 with 

reduction temperature between.623 and 843 K. The reason for this 

suppression was suggested as a contamination of palladium 

particles with the reduced support during the reduction treatment 

(6,7). 

Neverthless, Spencer (9) pointed out that the rate of 

segregation of titanium suboxide (TiO,, x<2) across Pt was 

negligible (the Wittig temperature of Pt and Ti02 are 681 K and 

709 K respectively) for Pt/TiO2 catalyst under LTR. 

Interdiffusion between TiO, and palladium (with a Wittig 

temperature of 608 K) crystallites should be insignificant as the 

Pd/TiO2 catalyst was reduced by hydrogen at T < 600 K. The 

purpose of this study is to reinvestigate and interpret the 

suppression of hydrogen absorption on the Pd/TiO2 catalyst below 

RTR. A volumetric method was used to acquire quantitatively 

informations on hydrogen uptake at isothermal condition. A TPD 

setup was utilized to get information for phase transition 
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temperature at hydrogen isobar condition for the reverse of 

reaction (1). 

Two palladium samples, Pa powders and Pa/e02 catalyst, were 

used in this study. 

Pd powders were obtained from Merck and used without further 

purification. The particle size of these powders is around 60 Wn 

2.33 wt% Pd/TiO2 catalyst was prepared by impregnating TiO2 

(Degussa P-25) with PdC12. The impregnated catalyst was dried in 

an oven at 378 K. After a calcination in air at 673 K for 4hrs, 

the catalyst was stored in a dessicator. The dispersion of the 

catalyst reduced at room temperature was 30% according to a TEM 

measurement. 

Isotherms of hydrogen sorption on the Pd/TiO2 was measured 

on a conventional volumetric sorption apparatus equipped with a 

Texas Instruments precision gauge. The catalyst was prereduced at 

a desired temperature in flowing hydrogen for 2 hrs. The reduced 

catalyst was then evacuated for 2 hrs below 1*10-s torr at room 

temperature before each measurement. Uptake isotherms were also 

measured at room temperature, 

The TPD measurements were performed in a flow system 

described elsewhere (la). The carrier gas of the flow system was 

10% Ii2/Ar mixture at 1 atm (the hydrogen pressure was 76 Forr). 

The uptake or desorption of hydrogen by the Pd samples was 

monitored by a thermal conductivity detector. The volume of the 

reactor was scaled am (from previous 50 ml) to 10 ml to improve 
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the peak resolution of TPD spectrum. The reactor can be 

disconnected from the flow system and attached to a vacuum system 

for evacuation treatment to the sample. 

RESULTS AND DISCUSSION 

l.Volumetric measurement for Pd/TiO2 catalyst 

Figure 1 shows obtained hydrogen sorption isotherms on the 

Pd/TiO2 sample reduced at three different temperatures. The 

sorption isotherms were measured after the catalyst had been 

reduced at a desired temperature and then evacuated at room 

temperature. Because strongly chemisorbed hydrogen could not be 

outgassed at room temperature, the observed hydrogen uptake 

therefore consisted of weakly chemisorbed (Ii,) and absorbed 

hydrogens (Rb) (11). Based on the curve shape of the sorption 

isotherms, the uptake of hydrogen above and below 10 torr of 

hydrogen pressure was assumed to be Rb and Ii, respectively. The 

three sorption isotherms shown in the figure 1 clearly indicated 

that the amount of hydrogen absorbed was decreased and the Ptr 

required for the hydride formation was increased with the 

elevation of reduction temperature. Certain interactions between 

metal and support must occur during the reduction treatments to 

influence chemical properties of Pd particles on the catalyst. 

Since Tauster et al. (12,13,14) reported the SMSI phenomena 

on RTR supported metal catalyst, electronic interaction (12) and 

metal-support interdiffusion (15) were proposed as the two main 

reasons for the metal-support interactions. The latter reason is 

the moat widely accepted model to account for the observation 

till now (16). As the palladium crystallites were encapsulated or 
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Isotherms of hydrogen uptake for Pd/TiO2 catalyst 

reduced at indicated temperatures. After each 

reduction, the catalyst was evacuated at 299 K. 

Quantitative data from the figure are summarized in 

Table 1. 

all the "portholes" on the surface of some palladium crystallite8 

were blocked by TiOx, the solubility of hydrogen in palladium 

crystallite6 on the catalyst might be suppressed. However, pure 

encapsulation should not affect the variation of Ptr required 

for the hydride formation. Therefore the increase of Ptr in'the 

experiment must be induced by some other reasons. 

There are many theoretical advantage6 for metallic catalyst 

dispersed on supports. Modification the electronic property of 

active metals by supports has been proposed as one of these 

advaritages (17,181. Many experimental methods, i.e., ESCA (191, 

KICAPS (201, magnetization (211, cal.orimetry (221, etc., have been 

found in' literature5 to detect this electron interaction for 9202 
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Table 1. Quantitative data obtained from the volumetric 

adsorption (figure 1). 

Reductn Ptr 

Temp.(K) lip)/Pd HCb)/Pd F(=) dbd)/Pd FE’ (Tom) 
w w 

299 0.69 0.22 100% 0.47 100% 16 

413 0.42 0.12 54% 0.30 60% 21 

673 0.22 0.036 16% 0.18 38% (35) 

(a) Ht : Total hydrogen (including weak chemisorption and 

absorption) uptake after the sample was desorbed in 

vacuum at room temperature. Ht=Hw+Hb. 

(b) H, : Weakly chemisorbed hydrogen. The part of Ht sorbed at 

pH2<10 torr* 
(c) F : Fraction of hydrogen uptake remained for sample reduced 

at temperature T relative to that reduced at 299 K. 

(d) I$, : Absorbed hydrogen, the uptake observed at PH ~10 torr. 
2 

supported catalyst. The observed suppression of hydrogen 

absorption and the increase of Ptr with reduction temperature may 

be accounted qualitatively by the transfer of electrons from the 

reduced TiO2 to the supported palladium crystallites during the 

reduction. According to "Rigid Band Model" illustrated in figure 

2, the 4d and 5s valence bands of palladium have a Fermi level 

of Ef. On interacting with electron donating materials, palladium 

crystallites are tempted to accept electrons to fill the d-band 

vacancies with energy higher than Ef. During the hydride 

formation, palladium crygtallites accept electrons from hydrogen 

atoms (4). Each dissolved hydrogen atom donates one electron to 

the valence band of palladium crystallite (23). The Fermi level 

of the metal is thus increased until energy bh is reached to form 

the saturated palladium hydride PdHg.6. As palladium crystallite3 



on the catalyst accept 

palladium crystallites 

potential energy for 
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electrons from the reduced TiO2, the Ef of 

was raised to E' f (figure 2B). The average 

the remained vacancies in the 4d valence 

band is also raised. Consequently, less electrons donated from 

hydrogen are accepted (with y. value < 0.60) and higher hydrogen 

partial pressure is required for the PdHy formation. 

Table 1 lists some quantitative results obtained from the 

figure 1 to show the variation in hydrogen uptake with reduction 

condition. 'In this table, not only the amount of Hb but also that 

of Ii, was shown suppressed for the catalyst reduced at elevated 

temperature. The Iiw has been suggested as those hydrogen8 

adsorbed on the interstitial sites at the subsurface of Pd 

crystallites and the precursors for the absorbed hydrogen (11). 

Besides, Ii, was suggested to be protonic, i.e., it also donates 

electron to the valence band of Pd. The amount of H,, like that 

of Bbr should be suppressed by electronic interaction. The 

migration of TiOx onto the surface of Pd crystallites during the 

reduction may block these sites and cause an additional 

suppression to the amount of H,. A comparison between suppression 

factors (F, defined in Table 1) may indi,cate the contribution for 

migration. Table 1 shows that 

catalyst. A negligible site 

reduced at this temperature. 

fell below 0.5 for 673 K 

thus became an important 

for the catalyst reduced 

F, is close to Fb for 473 K reduced 

blockage was indicated for catalyst 

Nevertheless, the ratio of Fw/Fb 

reduced Pd/TiO2 catalyst. Site blockage 

factor on suppressing the amount of liw 

around 673 IZ. 

2.TPD study of Pd powders and Pd/TiO2 catalyst 

Figure 3 showed obtained spectrum due to the desorption and 

sorption of hydrogen in a typical TPD-TRS experiment on palladium 



182 

powders l According to the R-C-T relationships of Pd-Hz system, 

the pcwders were saturated with dissolved hydrogen and in the 

form of B-hydride at 307 A and 0.1 aim H2 

desorption peaks were found from this sample 

(41. Two hydrogen 

as the temperatature 

Figure 2. Schematic rigid band model. far tAe vaSence band of 

palladium. Al. Ptormal. pa~~aa~~ crystallites have a 

Fermi level of %. Eb fs the bigbest energy for 4d 

orbital. The electrdn density becomes very fow at 

Energy higher than Eh. 8). The Fermi level of 

palladium is raised ta Ef as fmne electrons are 

dccepted from TiQZ during reduction. The electron 

vacancy below Eb is aimtniehed and the average ene~gxf 

fn the vacancy Zs increased. 
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(reaction 11, Since 
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TPD. A small peak around 323 K was the 

hydrogen in the &-pha&e. A major peak at 362 

hydrogen desurbed during the phase transition 

the dispersion of these powders was less than 

0.18, the desrlorption and sorption of the chemisorbed hydrogen did 

not produce any detectable peak in this spectrum. The average 

desorption temperature (Td I of the peaks closely agreed with 

the temperature reported for the phase transition of bulky 

palladium crystals under 0.1 atm hydrogen pressure (41, 

The same TPi?-TRS experiment has been performed on the 

Pd,fTiO2 catalyst. The peak area of TRS or TPD spectra represents 

the relative amount of absorbed hydride. These two spectra were 

checked and indeed showed good quantitative consistency with each 

Pfgure 3. 3!PD and TRS spectrum for palladium powders. 

0 ?O 20 30 40 so 60 

Time, min 

heating rate below and above 393 ft was 5 and 10 

me 

K/mZn 

respectively. 
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other. Obtained TPD spectrum was found varying with the condition 

of pretreatment. Feature R2 in figure 4 showed that the shape and 

Td in TPD spectrum of the Pd/TiOs catalyst reduced at room 

temperatuxe was similar to those of Pd powders shown in Figure 3, 

The diffusivity of the absorbed hydrogen in Pd was obviously high 

enough (4) so that the desorption rate of the dissolved hydrogen 

was independent of the metal particle size in the range from nm 

to urn. The desorption temperature found in TPD therefore directly 

reflected the decomposition temperature of the palladium hydride. 

Pigurs 4. Consecutive TPD spectra for the desorption of hydrogen 

from a PdfTiOz catalyst after the indicated pretreat 

condition. @!d denotes average desorptkm temperature. 



TiO2 is a n-type semiconductor. Its electric conductivity 

depends on oxygen partial pressure and temperature. Under 

elevated temperature, TiO2 Ls unstable and produces oxygen 

vacancies according to the following equation : 

TiC2 (unperturbed lattice I = IOf" +2 e- +1/2 02 (g) (3) 

where tot" represents a site of oxygen vacancy. Excess electrons 

in the equation enter the conduction band and increase the 

conductivity of TiO2 f241. The electronic interaction far metal 

contacting with n-type semiconductor has also been studied for Ni 

deposited TiO2 and Pt deposited SrTiO3 with ESCA (Electron 

Spactroscopy for Chemical Analysis). A transfer of electron from 

support to metal was found on these samples heated in the 

temperature range of 673 I( to 888 K (25,261. Palladium has an 

electron negativity comparable to nickel and platinum. As the 

PdlTiO2 catalyst was heated under vacuum, some electrons should 

Figure 5. The correlation between the fraction of hydrogen 

remained in the palla&um hydride voree the variation 

of the desurptfon temperature for PdlTiU2 catalyst with 

various pretreatment at TG73 A. 
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also transfer to Pd crystallites. Consequently the P-C-T 

relationship for palladium hydride formation was changed. 

Features E5 and E6 in the figure 4 are TPD spectra for the 

desorption of hydrogen from the Pd/TiO2 pretreated with 

evacuation treatment,at 573 and 673 K, respectively. The shape of 

these peaks are indeed different from that of R2. The amount of 

desorbed hydrogen was decreased (by a ratio of RA) and Td was 

shifted to a low temperature (by a difference ATd). The higher 

the evacuation temperature, the larger tras the observed variation 

in RA and ATd. Since the oxygen atoms lost in the high 

temperature evacuations mioht be reversed back to the support by 

a subsequent recalcination. Palladium crystallites on this 

recalcined catalyst should therefore restore the original 

hydrogen desorption properties. This restoratipn was aqain 

confirmed by TPD features of C2 and C3 in the figure 4. 

Feature RS and R5' in figure 4 showed that a hydrogen 

reduction treatment on the Pd/TiO2 ca'talyst at 573 K induced a 

larger variation in RA and ATd than an evacuation pretreatment 

at the same temperature (feature ES). The difference comes from 

the formation of excess hydroxyl ions and/or oxygen vacancies due 

to the hydrogen spillover onto the support. Extra electrons were 

transferred from the hydrogen reduced TiO2 to palladium 

crystallites because of the spillover (27). 

A correlation between the relative amount of desorbed 

hydrogen and the ATd obtained in the TPD measurement for the 

evacuated, recalcined and hydrogen reduced Pd/TiO2 catalyst was 

shown in figure 5. The amount of desorbed hydrogen apparently 

decreased parallelly with the variation of temperature of phase 

transition regardless the pretreatment conditions for this study. 

According to the 'Rigid Rand Model" mentioned above, electrons 
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transferred from support to valence band of PtI results in a rise 

of Fermi level of this metal. At the same time, the dissoY.ved 

hydrogen became less stable and desorbed at low temperature. 

The present TPD system is a simple and sensitive in 8itU 

method to investigate the variation of absorption of hydrogen in 

Fd on Pd/TiO2 oatalyst# or promoter added Pd catalysts (28). 

Metal-support interactions for Pd supported on the other n- 

type semiconductor (e.g,, ZnO, Ce031r p-type semiconductor (e.g., 

Cr~03, NfC), and insulator [e.g., A1303, Sk@) could also be 

studied, This method, however, is r&n-suitable for the other nob&e 

metals because of their Xow ,hydrogen solubility (4). 

The suppression of hydrogen absorbed in Pd on Pd/TiUz was 

observed as the catalyst had been evacuated or *reduced in 

hydro$en below 773 K. The subsequently' absorbed hydrogen in this 

pretreated catalyst was in high eaexgy state. Xt was reflected 

with a rise of hydrogen ‘pressure required to accomplish 

hydride formation under isothermal condition and a lowering of 

desorption temperature of the hydride decomposition on isobar 

condition. The -results of these observationa may be interpreted 

by a transfer of electrons from-the TiO2 to Pd. The extent of 

electronic interaction between metal and support on Pd/TiOz 

catalyst can be estimated from the M-H2 absoxptionldesorption 

system by volumetric and/ox TPD method. 

The financial support of this reseaxeh by the national science 

council of the Republic of China are appreciated. 
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