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Palladium is a unigue metal that can dissociate molecular

hydrogen, adsorb and absorb atomic hydrogen, and it also PR i
plays an important role as homogeneous and heterogeneous ‘
catalysts. By depositing Pd atoms on inert but more selective
or electronically interesting solid surfaces, the functionalized
surfaces can be tailored. In this account, we report our recent
studies about the interaction between hydrogen and Pd-
deposited Cu(111) and MoS; basal surfaces.
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Figure 1. (a) Potential energy diagram for
dissociative adsorption and absorption of
hydrogen with a negligible dissociation barrier
such as Pd. AHad: enthalpy change for
hydrogen adsorption, AHab: enthalpy change
for hydrogen absorption, AEgi: activation
barrier for bulk diffusion. (b) Potential energy
diagram for dissociative adsorption of
hydrogen with a high dissociation barrier (for
example, Cu surface) (c) Potential energy
diagram of dissociative adsorption and
absorption of hydrogen at the Pd and Cu

sites on a single atom alloy Pd/Cu surface.
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Figure 2. A schematic of hydrogen spillover

process on a Pd/Cu surface.
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Figure 3. (a) Time-resolved IRAS spectra
during Hz exposure onto the Pd/Cu(111)
surface (Br¢= ~0.01 ML). The indicated time,
t, is the elapsed time from the start of Hz
dosing. The inset shows the spectrum at
2129 s in the CO region. (b) The change of
the hydrogen coverage as a function of
elapsed time. Reproduced from ref. 15 with

permission from the PCCP Owner Societies.
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Figure 4. HR-XPS results measured on the

Pd/Cu(111) surface (6rq= 0.08 ML). (a) A

series of Pd 3ds;2 spectra measured on the

clean and Hz-exposed Pd/Cu(111) surface.

(b) The change in the normalized intensity of

each fitting component as a function of the

experimental process. Reproduced from ref.

15 with permission from the PCCP Owner
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Figure 5. Structural models of the clean
and H-adsorbed Pd/Cu(111) surfaces used in
DFT calculations. The orange, gray, and
small white spheres present the Cu, Pd, and
H atoms, respectively. The indicated values
below each model are the adsorption
energies per one H atom. 0 eV was defined
as an energy level of gaseous H2 molecules.
Reproduced from ref. 15 with permission from
the PCCP Owner Societies.

Figure 6. Structure models of the Pd/Cu(111)
surface used in DFT calculations for the core-
level excitation. Reproduced from ref. 15 with

permission from the PCCP Owner Societies.
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Table 1. The calculated binding energies
(CBEs) of Pd 3dsp2. The configurations in the
first column correspond to those in Figures 5
and 6. ACBE in the last column is the
difference of the CBE from the clean surface.
The asterisk marks represent the stable
structures. Reproduced from ref. 15 with

permission from the PCCP Owner Societies.

Configuration Binding energy / ACBE/
eV eV
clean 335.7 0
1H-hcp* 335.9 0.2
2H-2NN* 336.1 0.4
2H-3NN 336.1 0.4
2H-Pd&Cu 335.9 0.2
3H-hcp* 336.2 0.5
3H-Pd&Cu 336.1 0.4
4H-all hollow 336.5 0.8
4H-hcp&top 336.8 1.1
4H-near 336.2 0.5
4H-middle 336.3 0.6
4H-far* 336.3 0.6
5H 336.4 0.7
1MLH 336.6 0.9
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Table 2. Mulliken charge populations in H, Pd,

and Cu atoms. Copyright: Reproduced from

ref. 15 with permission from the PCCP Owner

Societies.
Mulliken charge
Configuration
Pd Cu
Neutral atom 1 16 19
clean 15.86 19.12
3H-hcp 1.17 15.80 19.11
1MLH 1.12 15.74 19.10
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Figure 7. The atomic-level view of the
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hydrogen dissociation and spillover processes
on the Pd/Cu SAAC surface. (i) A H2 molecule
is approaching a Pd site; (ii) Two dissociated
H atoms are adsorbed on two hcp-hollow site
involving the Pd atom; (iii) Three H atoms are
adsorbed on three hcp-hollow site involving
the Pd atom, and the fourth H atom is
adsorbed on a Cu site; (iv) The hydrogen
spillover occurs after the Pd sites are
saturated by H atoms. Reproduced from ref.
15 with permission from the PCCP Owner

Societies.
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Figure 9. (a) Mo 3dsp, (b) S 2p, (c) valence-band, and (d) Pd 3ds. spectra of the Pd/MoS: as a
function of Hz gas pressure. The amount of deposited Pd was estimated to be 2.0 % for the amount
of Mo atoms on the outermost MoS: layer. After the cell pressure increased up to 12.6 mbar, hydrogen
gas was evacuated to 0.3 mbar. (e) The upper and lower figure are the fitting results for the Pd 3ds2
AP-XPS spectra before and after the hydrogen exposure, respectively. The green component and
blue component in the lower figure are assigned to be surface and bulk components of the Pd islands,
while the pink component would consist of the bulk component and hydrogen atoms-adsorbed
surface component. (f) The relative energy shifts for the Mo 3ds;2 core-level, S 2ps;2 core-level, and
VBM. Reprinted from ref. 14, Copyright 2022 Published by Elsevier B.V., with permission from

Elsevier.
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Figure 10. Schematic model of hydrogen
spillover on Pd-MoS:. Reprinted from ref. 14,
Copyright 2022 Published by Elsevier B.V., with

permission from Elsevier.

x5 (X 10), 2D X572 F1E12 LD MoS:2 7
JEC T DREREALIZ XD | fiRiERE DA Lo Atz

Acc. Mater. Surf. Res. 2023, Vol.8 No.3, 147-158.

https://www.hyomen.org

YIS H~O R IIR SN D,

4. f8

AT, BT VR E L CRSHESN
7z Cul1DiF RIS LY MoSe JL i 4t
EEZEHRCHEHL, VB Pd 2AETHIE
(2R K B ARBEIE 1 LN BT T T BE A AT N L
T RN H T DK B DOfRBER 35 LA LA — 3
—ZDWT, Fox O EEMBEARFFEE LIS
L7z, AR OfAERIZ SV TEH <G
RS TR [44,45), BT R &4
filfiE[16,46] 21300 @ BEH LG (47, 48]72
EDWFFRMNER THD, T, k<
BB E T HMED I TR T2k
ELUTIRMET A MOZ O 1R B4 2 5
HRERBRPIENDESLIZZE BIOY, F—HE
HEICE DAL S DO E Y 2L — s ar M
REEANTHEATZZENE RITH D, 2D,
T =SB G LT il o 57 [49,50] & 3
BREGAFFZE DS Tl 720 | Al RE A T-L ~ L
TSI, B o R REBAR AT 2%
WIFFL 720,

5. #E

ARG TR LZNEIE, EICCHER 14 BX O
15 IZXDHDTHY, HFRINFZEE OEERITTRL
9%, DFT 3R Tk, RIRZR Pz, W
FYEmIE L2 2< DT B 15T -, AP-XPS
FEERT . R E S e S L
AREEME L W ESEROZH oL b,
ZIBORZEE, Fri ik A ey /3y
Z ] (JP18H05517) . Bt # 78 & K iE A
(20H00343) . JST-CREST (JPMJCR20R4)
728 ORFFEBhARIC KD TS Tz, T e 326k
i%. KEK-PF O/ (2020G619, 201852-005)
B L 0 SPring-8 @ if B ( 2020A7481,
2021A7426) LU THIRS AL, TS,

156



Acc. Mater. Surf. Res.

S5 Xk
1) L. Lloyd, “Handbook of Industrial Catalysts”,

Springer, 2011.

2) P. Prins, A. Wang and X. Li, “Introduction to
Heterogeneous Catalysis” World Scientific,
2016, Singapore.

3) J. Wang, H. Chen, Z. Hu, M. Yao and Y. Li,

Catal. Rev., 2015, 57, 79-144.

4) J. Tsuji, Palladium Reagents and Catalysts:
Innovations in Organic Synthesis., Wiley,
Chichester, UK, 1997.

5) BB, THHEA R OT OB 4 fildl
FOG T HAEAER]A 2008.

6) N. Miyaura and A. Suzuki, Chem. Rev., 1995,
95, 2457-2483.

7) C. Amatore and A. Jutand, J. Organomet.
Chem., 1999, 576, 254-278.

8) A. Biffis, P. Centomo, A. Del Zotto, and M.
Zecca, Chem. Rev., 2018, 118, 2249-2295.

9) https://www.nobelprize.org/prizes/chemistry
/2010/summary/ XY, EHER, Fiio
#)fj, 2011, 5, 13-17.

10) A, AP —F, WHEBA, TeiiK

), NHEESHE, 1998.

11) HEH, H@Fr7, 2006, 27, 341-347.

12) K. Christmann, Surf- Sci. Rep., 1988, 9, 1-
163.

13) K. Fukutani, J. Yoshinobu, M. Yamauchi, T.
Shima and S. Orimo, Catal. Lett., 2022, 152,
1583-1597.

14) F. Ozaki, S. Tanaka, W. Osada, K. Mukai, M.
Horio, T. Koitaya, S. Yamamoto, I. Matsuda
and J. Yoshinobu, Appl. Surf. Sci., 2022, 593,
153313.

15) W. Osada, S. Tanaka, K. Mukai, M.
Kawamura, Y.H. Choi, F. Ozaki, T. Ozaki, J.
Yoshinobu, Phys. Chem. Chem. Phys., 2022,
24,21705.

16) R. T. Hannagan, G. Giannakakis, M. Flytzani-

Stephanopoulos, E. C. H. Sykes, Chem. Rev.,

Acc. Mater. Surf. Res. 2023, Vol.8 No.3, 147-158.

https://www.hyomen.org

2020, /20, 12044.

17) M. T. Darby, E. C. H. Sykes, A. Michaelides
and M. Stamatakis, Top. Catal., 2018, 61, 428.

18) A. Bach Aaen, E. Laegsgaard, A. V. Ruban and
L. Stensgaard, Surf. Sci., 1998, 408, 43.

19) D. O. Bellisario, J. W. Han, H. L. Tierney, A.
E. Baber, D. S. Sholl and E. C. H. Sykes, J.
Phys. Chem. C, 2009, 113, 12863.

20) H. L. Tierney, A. E. Baber and E. C. H. Sykes,
J. Phys. Chem. C, 2009, 113, 7246.

21) H. L. Tierney, A. E. Baber, J. R. Kitchin and E.
C. H. Sykes, Phys. Rev. Lett, 2009, 103,
246102.

22) G. Kyriakou, M. B. Boucher, A. D. Jewell, E.
A. Lewis, T. J. Lawton, A. E. Baber, H. L.
Tierney, M. Flytzani-stephanopoulos and E. C.
H. Sykes, Science, 2012, 335, 1209.

23)A. E. Baber, H. L. Tierney, T. J. Lawton and E.
C. H. Sykes, ChemCatChem, 2011, 3, 607.
24)M. B. Boucher, B. Zugic, G. Cladaras, J.
Kammert, M. D. Marcinkowski, T. J. Lawton,
E. C. H and M. Flytzani-
Stephanopoulos, Phys. Chem. Chem. Phys.,

2013, 75, 12187.

25) K. Mudiyanselage, Y. Yang, F. M. Hoffmann,
0. J. Furlong, J. Hrbek, M. G. White, P. Liu
and D. J. Stacchiola, J. Chem. Phys., 2013,
139, 044712.

26) E. M. Mccash, S. F. Parker, J. Pritchard and M.
A. Chesters, Surf. Sci., 1989, 215, 363.

27) S. Surnev, M. Sock, M. G. Ramsey, P. P.
Netzer, M. Wiklund, M. Borg and J. N.
Andersen, Surf. Sci., 2000, 470, 171.

28) M. J. Gladys, A. A. El Zein, A. Mikkelsen, J.
N. Andersen and G. Held, Surf. Sci., 2008, 602,
3540.

29) J. Tang, S. Yamamoto, T. Koitaya, A. Yoshigoe,
T. Tokunaga, K. Mukai, 1. Matsuda and J.
Yoshinobu, Appl. Surf. Sci. 2019, 480, 419.

30) M. T. Darby, R. Réocreux, E. C. H. Sykes, A.

Sykes

157


https://www.nobelprize.org/prizes/chemistry%20%20/2010/summary/
https://www.nobelprize.org/prizes/chemistry%20%20/2010/summary/

Acc. Mater. Surf. Res.

Michaelides and M. Stamatakis, ACS Catal.,
2018, 8, 5038.

31) U. Krishnan, M. Kaur, K. Singh, M. Kumar
and A. Kumar, Superlattices Microstruct.,
2019, 128, 274-297.

32) R. Ganatra and Q. Zhang, ACS Nano, 2014, 8,
4074-4099.

33) Q.H. Wang, K. Kalantar-Zadeh, A. Kis, J.N.
Coleman and M.S. Strano, Nat. Nanotech.,
2012, 7, 699-712.

34) J. Theerthagiri, R.A. Senthil, B. Senthilkumar,
A. Reddy Polu, J. Madhavan and
Muthupandian Ashokkumar, J. Solid State
Chem., 2017, 252, 43-71.

35) K.-I. Tanaka and T. Okuhara, J. Catal., 1982,
78, 155-164.

36) P. Li, Y. Chen, C. Zhang, B. Huang, X. Liu, T.
Liu, Z. Jiang and C. Li, Appl. Catal. A-Gen.,
2017, 533, 99-108.

37) E. Besenbacher and J.V. Lauritsen, J. Catal.,
2021, 403, 4-15.

38) Y. Cao, ACS Nano., 2021, 15, 11014-11039.

39) H. Li, L. Wang, Y. Dai, Z. Pu, Z. Lao, Y. Chen,
M. Wang, X. Zheng, J. Zhu, W. Zhang, R. Si,
C. Ma and J. Zeng, Nat. Nanotech., 2018, 13,
411-417.

40) J. Schnadt, J. Knudsen and N. Johansson, J.
Phys.: Condens. Matter, 2020, 32, 413003.
41) T. Koitaya, S. Yamamoto, Y. Shiozawa, K.
Takeuchi, R.-Y. Liu, K. Mukai, S. Yoshimoto,
K. Akikubo, I, Matsuda, J. Yoshinobu, 7op.

Catal., 2016, 59, 526-531.

42)Z. Zhang and J. T. Yates, Jr., Chem. Rev., 2012,
112, 5520-5551.

43) D.C. Sorescu, D.S. Sholl and A. V. Cugini, J.
Phys. Chem. B, 2004, 108, 239-249.

44) T. N. Rhodin and G. Ertl (ed.), The Nature of
the Surface Chemical Bond (Elsevier, 1979).

45) J. Rodriguez, Surf. Sci. Rep., 1996, 24, 223-
287.

Acc. Mater. Surf. Res. 2023, Vol.8 No.3, 147-158.

https://www.hyomen.org

46) S.Sovizi and R. Szoszkiewicz, Surf. Sci. Rep.,
2022, 77, 100567.

47) S. Furukawa and T. Komatsu, ACS Catal.,
2017, 7, 735-765.

48) Y. Nakaya and S. Furukawa, Chem. Rev., 2023,
123, 5859-5947.

49) K. Takahashi, L. Takahashi, 1. Miyazato, J.
Fujima, Y. Tanaka, T. Uno, H. Satoh, K. Ohno,
M. Nishida, K. Hirai, J. Ohyama, T. Nhat
Nguyen, S. Nishimura, T. Taniike,
ChemCatChem, 2019, 11, 1146-1152.

50) Z. Yang and W. Gao, Adv. Sci. 2022, 9,
2106043.

158



