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Fig.1 The simple cubic structure of crystal NaCl

(The green and yellow balls represent C1” and Na® ions

with full shell structure, respectively. A smaller red

ball, sited in central depression of a hole, formed by

four adjacent Na™ and Cl™ ions, represents a foreign in-

terstitial H, which suffers a Pauli repulsive force from

the surface of Na® and Cl” ions. We simply call the

square hole surrounded by adjacent Na® and Cl” ions

‘ Pauli hole’.)
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Fig.2 Examples of covalent monocrystals composed of a single element

a. The structure of crystaldiamond( likewise for monocrystaline silicon; b. The graphene structure; c. The Cy, nano-particle
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3 a. SiO,(A5e) B ERAZER 5 b. AEAZS Si0, R MY FHIH] /T
Fig.3 a. The structure of crystal SiO, ; b. Morphology of amorphous SiO,

( Note there are many Pauli holes with various shapes, e.g., triangles, squares, pentagonals, etc.

All of them are surrounded by the adjacent Si and O atoms with full shell.)
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Fig.4 Angular distribution of the electronic cloud of quantum states of different m, values in d shell

The Z axis is perpendicular to the surface of metals.
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A= S U /. 3/l e TR R A O B 7 N iR
by [ 445

AT BT (110) F o (YR AR T
(110) , AT D& (111) [45) A, BaEHZRE T 1Y
TR B R 42 22 AR A b Tz SR FH A 1R
N, A P AR R G R B SR T O ST
raR (fee) , ZEH(110) 1 -, BRI A0 A 48 R 7
R — D Z R M BE A, K 5 fros (Bl 5a &
(110) T OIS (IE TR ), 5b & (110) T B4 A4

@eeee® o000
LR KN O‘Q.O. o
CeNenm 0000
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‘ .() (b) Pd(110)jfii
Bl 5 B4 Pd 9 (110) T
Fig.5 The (110) crystal plane of metal Pd

(Fig.5 a. The front view of Pd (110) plane. Both the dark
and the bright green balls represent the Pd ions. But they are
not in the same plane, the dark green Pd ion is lower than
the bright one ~0.137 nm. Note that in Fig.5 a, every four
adjacent Pd ions with different heights surround a rhomboid
depression, suitable to arrange a foreign interstitial H ( the
smaller black ball). The smaller red balls in Fig.5 a repre-
sent the chemisorbed H above (110) plane. If chemisorption
reaches saturation, i.e., almost every Pd ion binds a adsorbed
H, then there will be a H cover filled with chemisorbed H on
(110) plane.Fig.5 b. The side view of Pd (110) plane,
where the relative positions of surface Pd ions to up chemi-
sorbed H are clearer and obvious. The chemisorbed H (red
ball) is higher than Pd ion ( green ball) for about a H-Pd
bond-length. The distance between dark green Pd ion and
dark red H is the same. The black ball, sited in center of a

rhomboid hole, represent interstitial H, with lower position

than the chemisorbed H(the red and dark red ball) ).

). ERRSHAS H R RN, 246k H
IRAE IR RO . B 6 222 I MRS R K
SEIE AR NI 34, A R T AR B (110) T ( LR AR
Kl 5a). KIS FIEL 6 H, 4 2T MR I TR &% F
R ORI RN B T, AW H AN R — - 1
b e EERE R BT, HrE T m AL T 4k
e (110) F M TR LR T 0.137 nm.

FPCA Ik, X EESEIE U] B FE A AN S I A
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0.387 nm
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Pl 6 5L (110) THT_E A S22 TR X
Fig.6 The single rhomboid Pauli hole at Pd (110) plane
(Fig.6 a is front view of a single thomboid hole. These four
Pd ions, represented by green balls, are not in the same
plane. The bright green ball is higher than dark one ~0.137
nm. Fig.6 b is side view, which shows more obviously that,
under the saturation adsorption, the rhomboid can be regard

as a hole composed of 4 Pd ions and 4 chemisorbed H) .
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2.1 Schrodinger 77 #2734 14

Sy Bt T A T 0 A R e A T RS W B H i
FROPERT, FATHE 2R A TP H 5T
# Schrodinger 7RE, JFH ISR IEBE H R Ty
SR R © FIESSRERE E(SWOCHR[4]). FATTY
e A M H RS, s 214 U 2
B X — B8 TS (P, E), AT LR BT
HUEBE H 7RI 0 29 T A iR B, B
B AR BFTE AL IR) 8 n] RE B AT PSR EE . AL,
FIFHRX— 228 T i pR AL @ 18 mT U RS, APk H
T—HFEABBRAE S, WA 20258 5E HOk 2 1e
BRI |, O B BRAAAE. TRARHE A8
ZILIRATLARTAGIE 3C (Phy. Rev. B, 41, 8180, 1990,
You and Ye) . 1530444 R [ AR T HE it X i R
R H R (¢ Properties of a substitutional and/
or interstitial surface hydrogen atom’ ). H:H#2IpY« 8
AR H L 8 0 2 1A SR T At i e i) — > e B
T(BET) PO 25 H 7 g AR =l
B HE 3L R AU BT AR i 7 )2
BEFUST (B ) Fra |, #RAb A @A), B
Al PA—JfAbEE.

N T ITEHEALHLI A9 1e, XHZ SO
SR ARG 1 (R JBAR AT AL, 5 0, A A5 i 1A 3R
T A IR KNS S, B T A TR
B, TATEZSCP T —A58 Z iy, TRARE e
9y T 9% TR TR BB S WA, iR 7 R
(AHPEERTE RN, B e BA i) . B, [#
PRI N X-Y AL bRiin, 7 e B3R, e il
Yt n £ s F ol A R RS T (X-Y P B, JF
KB e N A bR R R A 47 v 0 ] 4% 2 T A —
AP, BLOSUES F, BRIEHN &, 30 €230
DA IR AR a N BRAL Y T i A, ARER i A
TR BIRPE=£,/2 AT G A, R
“ULHN T REREE. THAE, R H 1 A0
LEAEE R F. T, R LA (€,
AR R IRAER () y, 2) BUERABAR (1, 0, &) S
BT AR . s i 0k R AR LA A b AR
W, N O=0(&,n,2). 5 Y ALY AL
PRAVE R IRAAR (2, 5, 2) ZIIHYR AN -

x=E,mcosp, y=/E, msing,z=(n-€)/2 (1)

EMn BUETEHEZ (0,0 ), ¢ K (0,2 7).
(D)XARHMEBRW, Y ENFRBT(RI(E=¢,), H &>
0), ¥AFE]I—N%E Z ) b IF A Te e i 4 v

P 7 [ A T YA 7 B TR AR R
Fig.7 The simplified model of the Pauli hole at surface of solids
(The Pauli hole is represented by a paraboloid of revolution
around Z axis. The regularly arranged black spots represent
the substrate atoms/ions sited at lattice points of the crystal.
the X-Y coordinate plane is arranged on the surface of solids.
Z-axis is perpendicular to solid surface. The focus F of pa-
raboloid of revolution around Z-axis is put at this surface.
The nucleus of H atom is put at F point. The section of pa-

raboloid with solid surface is a circle with radius &,(&, is in

the unit of Bohr radius a, ). The center of circle is at focus

F. PF= £,/2 is the focal length of paraboloid, represents
the depth of Pauli hole. The electronic cloud of interstitial H
can not penetrate into the solid through the paraboloidal wall
due to the Pauli repulsion. This fact can be expressed by a
boundary condition which the electronic wave function @ of

H has to satisfy. Namely, at the paraboloidal wall £=¢£;( the
surface of Pauli hole) , @(&,,n,z)=0).

A 7P A IEBR H 1) Schrodinger 75 2 LA
Ko ipk pRESC JE ) A5 53 R

HD = E®, d(&,,1m,2)=0

D(&y,m,2) 1, .. =0, (HRILIAFM) (2)

A TR HE R A, SR H R = ok
RIS H (AT RR A AR ) 3805 B R N,
B HBRZRAEMYIE R RN, X —F 5L
B FR I 53R, BIER H R A0 HL - pR gk
O FE“ YA FRIE L (B ITE =&, 1) WA
RE. T GRIAHER H AR AHEREHE &
AT FRIB T, AT 25 1 5 v B IR
WARE AR, B, (2) X sk B i H
JR e, B

=——v2-% (3)
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Bor U HAE S (PR SCHR[4]) , UK 8 7 i
BB H RS U R B2 I R =S R] g
fi (B[ @20 A0) Gk T 2 208 1. LK 8a,
b Al UL, FEHERAEAY, BB H E T ESE T

0.001
0.002
0.004

0.008

0.02

0.04
/
\
\ 0.1 /
p /
\ 0.2 /
\ /
\ /
\ 0.4 /
\ Y 7

\ /
\ /
O @,

8 FH HIETFIAE Is MERXIFRH T 2 50 A

Fig.8. The spherically symmetric distribution of electronic cloud of ground state 1s of a free H

(Fig.8 b. The contours of probability density( |®1%) of the ground state of interstitial H( taken from

[4]), confined in a Pauli hole with a simplified Pauli wall of paraboloid of revolution. The black

point represents the nuclear of H, the hollow circle represents the substrate atoms with closed shell.

The electronic cloud of confined H atom no longer has a distribution of spherical symmetry. The de-

formation of wave function is obvious, which is elongated along the direction perpendicular to the

solid surface, thus induced an electric dipole p, vertically points to the interior of solid.)

FREETMFHEMIAATR T HH H R/ 1s & E
B4R, NESEERXT AR, i & 1 [
R w ] IR MR, TR Whi B AR,
B H MR O RS IERPLERES, BT —
ANHUE p, BT B AR E TR ) R P

HR, B H WIS RE & E AN & A Ay,
il 9 FiFe L(HHA) B, &9 gk Rl
B H TS S HAE p FIIESRER E BE AR
1 IR p ~ € FE ~ &,. F 1 2R 9 Hil
LRBUESR R, LR RPIOEASRERE F W i L
TSR L WE CRE N =-E, H%
— AT, E<O 1 1>0. HUESRET HEAESEE E HAY)
M, AR TR RN, H IR
RS ERE 1O REH E, Wk 1 k.

P9 R 1 #RULHH, FEMLRF AT, SHBR H

AR B (E < 0) HBRT, ST AM HET,
B Ey> -13.6 eV(LAF, FUBISE R H R PR
PrHE R R AR 0 ARic, LAIX B1Z 528 Y
HEJFET). g5 M0hih, ISR EEe 1, 1B /Nt
A H, Bl T,< 13.6 eV. IX3FRoR, WA H H,
JFIWVERTT 3B H AR 19 8825 5 vl g ( RIBEPR H 1Y
LSRR B N RE ), B 5 5 AR IE 3¢ e fa 1.
LS TR L, 08 NI AL A TR MG R

K19 FIER 1 IRWT, WA O AR £ 5
B H MR EE S R, fL7CEE & /N MEY B
FORMAFAEZ 5055, 148 & U, BRHEF
YRR, BEBT R A HL T2 (DL IE 8b) [ 05 F
Rl OETI S N i VI O e 2 = § MR 5

BB r= [0 rbdr ik, % T T B S
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Fig.9 The variations of induced dipole p (in unit ea, )

and energy of ground state E(in unit V) with the
radius of Pauli hole, p ~ §, and E ~ £,

(quoted from [4]). &, is a dimensionless radius in unit
a,, the Bohr radius. From Figure 9 we see, both the di-

pole p and the energy E(E<OQ) are monotonically in-

creased with decreased radius &,. In fact, &, scales the

strength of Pauli repulsion.

Table 1 Numerical relations of the ionization potential I (1>0)

(induced dipole p of gound state of confined H with
Pauli radius &,( quoted from [4]). Table 1 is the

numerical representation of Fig.9.)

Radius of Pauli  Tonization potential  Induced dipole

hole &,/a, I (in unit eV), P

(in unit a,) I=1E| (in unit ea,)
5.32 12.57 0.238
3.13 9.44 0.607
2.53 6.94 0.893
2.26 5.31 1.14
2.11 4.20 1.36
2.00 3.40 1.58
1.84 2.18 2.11
1.76 1.51 2.63
1.66 0.85 3.64
1.61 0.54 4.65

Notes. a,= 0.0529 nm in this Table 1 (Example: &,/a,=
2— radius £€,= 2 a,= 0.1058 nm).
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The Chemical Activity of an Interstitial Hydrogen on the Solid
Surface Arises from Pauli Repulsion

YOU Jun-han', LIU Dang-bo'?*, GAO Hai-xiang’
(1. Department of Astronomy, School of Physics and Astronomy, Shanghai Jiao Tong University ,
800 Dongchuan Road, Shanghai 200240, China;
2. Shanghai Key Laboratory for Particle Physics and Cosmology, Shanghai Jiao Tong University ,
800 Dongchuan Road, Shanghai 200240, China;
3. Zhiyuan College, Shanghai Jiao Tong University , 800 Dongchuan Road, Shanghai 200240, China)

Abstract; The surface of various solids often exerts a Pauli repulsive force on the adsorbed atoms/ions, interstitial
and/or substitutional, which markedly changes the physical properties of foreign surface atoms/ions. We first dem-
onstrate that Pauli repulsion widely exists at the surface of various solids. We introduce a concept of ‘ Pauli hole’ to
describe a depression on solid surface, where a foreign interstitial/substitutional atom sited in, and suffers from the
Pauli repulsive force of the surrounding substrate atoms/ions. Then a quantitative estimation of the changes of atom
properties under Pauli repulsion is obtained by this way. We pay more attention to the special Pauli hole on the sur-
face of transition metals, the most important materials in heterogeneous catalysis. In order to easy to read this pa-
per, we briefly introduce the work we have published, with regard to the schrodinger equation of an interstitial hy-
drogen in Pauli hole and its solution. Accordingly, both the obtained wave function and the energy of ground state of
the interstitial hydrogen atom are compared to that of a free hydrogen, which indeed shows a change of properties of
surface hydrogen. The marked change results a significant increase of chemical activity. By using these results, we
further explain that, the increase of chemical activity mainly depends on two factors; the marked reduction of ioni-
zation energy ( electronic affinity) and the effect of induced electric dipole of the interstitial hydrogen. We refer this
kind of excitation as ‘ Pauli excitation of interstitial hydrogen’ , and emphasize its significant contribution to the hy-
drogenation. To date, there is a long ongoing question in the catalysis study. Experiments show that, the most active
component in the hydrogenation reaction is the ‘ subsurface hydrogen atoms’ , located under the surface of transition
metals, rather than the °surface hydrogen’. The latter has little contribution to reaction. In this paper, we argue
that, the ‘subsurface hydrogen’ is just the Pauli-excited interstitial hydrogen.

Limited to discuss the heterogeneous catalysis ( catalysis of interstitial hydrogen at solid surface). But in prin-
ciple, the Pauli excitation can be extended to the homogeneous catalysis, where exists analogous Pauli hole too. Be-
sides, we limited ourself to discuss the catalysis of interstitial hydrogen. But, it is easy to apply to other interstitial
atoms. For example, it can be used to study the Pauli excitation of interstitial Li atom at surface of graphene.

Astronomical observations in recent years show that, in many molecular clouds (e.g., H,O0, CH,, C,H,,
C,H,, et al.), there are plenty of dusts with size 0.001~ 10 pwm (e.g., C or SiO, particles) coexist with molecules.
The coexistence of both the molecules and the dust particles could imply that the dusts, including some nano-parti-
cles, are just the necessary heterogeneous catalyzers, which have the Pauli hole structures at its surface.

Key words: heterogeneous catalysis mechanism; Pauli repulsion; Pauli hole; subsurface H atom; hydrogenation



