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Abstract: Electron emission (EE) from real metal surfaces occurring during sliding contact with
a polytetrafluoroethylene (PTFE) rider has been investigated using the thermodynamic data of
metal oxides and the X-ray photoelectron spectroscopy (XPS) intensity ratio of oxygen/metal on the
surfaces. EE was termed triboelectron emission (TriboEE). Rolled metal sheets of 18 types were used.
The metal-oxygen bond energy calculated from the heat of the formation of metal oxide, (D(M-0)),
was shown to be a key factor in dividing the EE into two routes, the so-called Schottky effect and the
tunnel effect, due to the surface oxide layer. The metals in periodic groups 4 (Ti and Zr), 5 (V, Nb, and
Ta), and 6 (Mo and W) maintained higher values of D(M-0O), while, moving down the groups, the
TriboEE intensity increased, being ascribed to the former route. In groups 10 (Ni, Pd, and Pt) and 11
(Cu, Ag, and Au), the D(M-0) values decreased moving down the groups, but the TriboEE intensity
increased significantly, which can be attributed to the latter route. Furthermore, with the increase
in the electrical conductivity of metals, the TriboEE intensity became remarkably high, while the
D(M-0) value fell rapidly and became almost constant. The XPS results showed that the dependence
of the D(M—-0O) and XPS metal core intensity on the Ols intensity and the XPS intensity ratio of the
Ols/metal core was different between groups 10 and 11 and groups 4, 5, and 6. It was concluded
that, under the electric field caused on the real metal surface by the friction with PTFE, the electron
from metals with small D(M-O) values predominantly tunnels the surface oxide layer as a surface
barrier, while with large D(M-0) values, the electron passes over the top of the barrier.

Keywords: electron emission; sliding; PTFE; surface oxide layer; heat of formation of metal oxides;
metal-oxide bond energies; tunnel effect; Schottky effect

1. Introduction

The information on the properties of electrons at metal surfaces involved in the inter-
action with environments has been of much interest in fields such as adhesion, coating,
corrosion, and catalysis [1-3]. The electron or charge transfer at real metal surfaces has
also been of great importance in fields such as tribology [4,5] and triboelectric energy
production methods [6]. In order to characterize real surfaces, we assessed electron emis-
sion (EE) occurring during three main processes of friction, sliding metal surfaces with
polymer riders, thermal assistance, and photo or optical stimulation, and examined the EE
characteristics of real surfaces of metals, semiconductors, and other materials remaining in
ambient environments [7-11]. Furthermore, we reported the relationships between the EE
from various metal surfaces and the adhesion and chemical reactions [12-14].

Previously, we reported the total number of electrons emitted from commercial rolled
metal sheets of 18 kinds during sliding contact with a polytetrafluoroethylene (PTFE)
rider for 60 min and its relationship with the X-ray photoelectron spectroscopy (XPS)
results [7,8]. In these reports, the EE and the total number of emitted electrons were termed
tribostimulated electron emissions or triboelectron emissions (TriboEE), and TriboEE total
count or TriboEE intensity. In the present study, these terms will be called triboelectron
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emission (TriboEE) and TriboEE intensity, as used in [9]. The TriboEE measurement was
conducted using a gas-flow Geiger counter with a counter gas called Q gas, which consists
of a mixture of He and about 1% iso-C4H;g (isobutane) at atmospheric pressure. We
arranged the TriboEE intensity of the metals in vertical columns (group) and horizontal
rows (period) on the periodic table [7,8]. In [7], we showed that, moving down the groups
of the table, the TriboEE intensity increased in the order Ti < Zr (group 4), V < Nb < Ta
(group 5), Mo << W (group 6), Ni < Pd < Pt (group 10), and Cu = Ag << Au (group 11).
We explained that TriboEE may be associated with the release of electrons transported
to the attached PTFE debris from the metal substrate by a surface electric field occurring
during the sliding. After that, we reexamined the relationship of the TriboEE intensity
to other data such as the values of work function (WF) or photothreshold and surface
potential [8]. The main conclusion we reached was that the increase in TriboEE intensity
between two adjoining metals in the same period correlated to a decrease in the WF or
phototheshold values of metal samples; however, for the metals in groups 4, 5, and 6,
moving down the groups of the periodic table, the increase in TriboEE intensity was related
to a decrease in the WF and photothreshold values, but with the metals in groups 10 and
11, this relationship could not be confirmed.

The motivation of this study was to investigate the key factors increasing the TriboEE
intensity of the metals in groups 10 and 11 other than WF or photothreshold. The interest
in this study was directed from TriboEE toward the mechanism of electron transfer through
a natural oxide layer on 18 rolled metal sheets. Therefore, the relationship between the
TriboEE and XPS data reported in [7,8] and the heat of formation of metal oxides and
electrical conductivity of metals was comprehensively re-examined. Masel [1] gave a
list of the values of metal-adsorbate bond strength in the periodic table, termed D(M-C),
D(M-N), and D(M-0), as calculated by Benziger [15], where D(M-C), D(M-N), and D(M-0)
represent metal-carbon, metal-nitrogen, and metal-oxygen bond energies, respectively,
and found that there was a general trend that metals to the left of the periodic table
bind adsorbates more strongly than those to the right of the periodic table. Regarding
D(M—O0), it was shown that, moving down groups 8, 9, 10, and 11 in the periodic table, the
bond strengths decrease, while moving down groups 4 and 5, the bond strengths increase.
Masel [1] noticed that these trends are very significant, and often form the basis for catalysis
design. According to Yagyu et al. [16], we recalculated the D(M-O) values, as shown later.
Regarding the chemical features of the metal oxides, the following is given from chemistry
texts. According to Schriver and Atkins [17], most acidic oxides are formed by covalent
bonds, while most basic oxides have ionic bonds, and metallic elements form mainly basic
oxides. Furthermore, it was shown that the property of metal oxides became acidic —
amphoteric — basic with a decrease in the oxidation number of the metal. As seen in
Figure 5.5 of [17], metal oxides in period 4 with an oxidation number of 2 (Tj, V, Fe, Co, and
Ni) are basic and those of Cu and Zn are amphoteric. Regarding the acid-base concept,
Hubheey [18] generalized that acidity is a positive characteristic of a chemical species and
basicity is a negative characteristic of a chemical species. Furthermore, in the periodic
table, the basicity of oxides tends to increase when moving down the periodic group. In
the present study, as the oxidation number of metal oxides adsorbed in the vicinity of
the metal-oxide interface is thought to be low, the basicity of the oxides is considered to
become strong. Furthermore, in the TriboEE process, electrons originating from a metal
substrate are first transferred into the oxides through the metal-oxide interface and then
partly remain in the oxide before leaving the surface. Therefore, the negative character of
the oxide becomes stronger. Thus, it is crucial to quantitatively characterize the electronic
property of the metal oxide/metal surface.

Regarding the tunnel effect, Moore [19] describes that it is involved in many important
phenomena such as the electron flow across the two metallic wires covered with a thin
insulating layer of oxide when placed in contact or the tunneling of electrons through
potential barriers at an electrode surface. In this effect, the electrons easily pass through
such a barrier; they do not need to go over the top of the barrier. This was the observation
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that prompted the present study. The purpose of the present work is to estimate the
property of the barrier by thermodynamic data of the heat of formation of metal oxides,
electrical conductivity of metals, and XPS results, and to clarify the relationship with the
TriboEE intensity. This paper addresses the following: (1) the intensity of electron emission
with rubbing time; (2) the XPS spectra before and after TriboEE measurement; (3) the
heat of formation of metal oxides with various oxidation numbers; (4) the dependence of
the TriboEE intensity on the D(M-0) values; (5) the dependence of the TriboEE intensity
and D(M-0) values on the electrical conductivity of metals; (6) the relationship between
the D(M-O) values and the XPS intensities of Fl1s, Ols, Ols, Cls, and metal core spectra
after TriboEE measurement; (7) the relationship between the D(M-0O) values and the XPS
intensities of F1s, Ols, Cls, and metal core spectra before TriboEE measurement; and (8)
the scheme of TriboEE.

2. Materials and Methods

The experimental procedure was described elsewhere in detail [7]. The present study
deals with 18 kinds of commercial rolled metal sheets: Al, Ti, V, Fe, Co, Ni, Cu, Zn, Zr, Nb,
Mo, Pd, Ag, Sn, Ta, W, Pt, and Au. The thickness and purity of the metal sheets were in the
ranges of 0.1-0.3 mm and 99.2-99.999%. For the TriboEE measurement, the samples were
cut to a size of 29 x 29 mm?. The size of the polytetrafluoroethylene (PTFE) rider with an
inserted iron wire was 1.5 mm in diameter and 10 mm in length, and its weight was 0.05 g.
Prior to use, the metal sheets and the PTFE rider were ultrasonically cleaned in a mixture
of acetone (30 mL) and petroleum benzine (30 mL) for 15 min, followed by drying in a
vacuum for 15 min. The TriboEE measurement was performed during sliding contact with
a PTFE rider for 60 min using a gas-flow Geiger counter with a counter gas called Q gas,
which consists of a mixture of He and 1% isobutane, added as a quenching gas. Therefore,
the atmosphere where the sliding is performed is He at atmospheric pressure. The PTFE
rider was continuously rotated on the metal surface by a magnetic stirrer at a rate of
400 rpm and a temperature of 298 K. A voltage of —94 V (acceleration voltage, AV) was
applied to the metal sample with respect to the earthed grid of the counter during the
TriboEE measurement. For each metal, three samples were used together with a new
PTFE rider. The apparatus and procedure of the TriboEE measurement have been reported
in more detail [7,9]. The measurement of XPS spectra of Fls, Ols, Cls, and metal core
for all metal samples was done before and after the TriboEE measurement using a Shi-
madzu ESCA 750 spectrometer (Shimadzu, Kyoto, Japan) with an X-ray source of Mg K«
(8 kV and 30 mA). The XPS measurement conditions of the binding energy range and the
sensitivity factor for each core spectra are given later. The maximum and minimum values
for each XPS spectra were recorded by the ESCAPAC 760 data system attached to the XPS
spectrometer. For each spectrum, the difference between the maximum and minimum
values was divided by the sensitivity factor. The XPS characteristics were termed XPS
intensity of Fl1s, Ols, Cl1s, and metal core spectra. It should be noted that, because, in the
case of the Pd sample, the O1s spectrum overlapped with the Pd3p3/2 spectrum, the Ols
intensity includes the contribution from this metal.

3. Results and Discussion
3.1. TriboEE and XPS

The TriboEE commenced immediately on starting the rotation of the PTFE rider and
was continuously observed during the rubbing for 60 min. On stopping the rotation, the
emission ceased. Figures 1-4 show the intensity (counts/min, abbrev. cpm) of the TriboEE
during the rubbing time for all metal samples. The charts are arranged by periodic group.
The TriboEE features are described in [7]. The median value of TriboEE intensity is also
given in the figures. Hereafter, the average values of TriboEE intensity are used as the
TriboEE characteristics for each metal, as shown in Table 1.
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Figure 1. The change in intensity (cpm: counts/min) of TriboEE with rubbing time for groups 4 (Ti and Zr) and 5 (V, Nb,

and Ta), giving the median value of TriboEE intensity.
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Figure 2. The change in intensity (cpm: counts/min) of TriboEE with rubbing time for groups 6 (Mo and W), 8 (Fe), and 9
(Co), giving the median value of TriboEE intensity.

Figures 5-8 show the XPS spectra of F1s, Ols, Cls, and metal core before and after
TriboEE measurement for all metal samples, which are arranged by periodic group. The
spectra for Au, Ta, W, and Fe samples and the features of the XPS spectra have been
previously reported [7]. In the present study, we show the XPS spectra of all metal samples,
including the abovementioned metals, in order to thoroughly examine the relationship
between the D(M-O) of each metal sample and the O1s and metal core intensities. It should
be noted that, for example, the sign of Ols I 10kcps given in the pictures of XPS means that
the length of the vertical line on the right side of Ols signal has the X-ray photoelectron
emission intensity of 10,000 counts/s. Regarding the O1s spectra shown in Figures 5-8, it
should be noted that the oxygen species adsorbed at the metal surfaces mainly originates
from a natural oxide layer [7]. The Ols spectra clearly have two components observed
at higher and lower binding energies. The former component is the hydroxyl group
(-OH), which is observed, for example, at the Au metal surfaces, and the latter is the oxide
group (O,_), which prevails, for example, at the Ta surfaces. With the Fe samples, com-
ponents of both hydroxyl and oxide groups appear at the binding energies of 532 eV and
530.5 eV, respectively. For all metal samples, it was found that, with the metals located on
the left-hand groups of group 8 (Fe), the adsorption of the oxide group was predominant,
while in the metals on the right side of group 8 (Fe), the hydroxyl group was preferentially
adsorbed. As the TriboEE intensities for both Au and Ta samples were considerably high
(Figures 5 and 7, and Table 1), it was concluded that the TriboEE intensity is poorly cor-
related with the adsorption modes of the oxygen species. As shown in Table 2, however,
moving to the right from group 4 to group 11 in periods 4, 5, and 6, the absolute values of
the heat of formation of oxides tend to be lower. The appearance of two oxygen adsorption
modes, the oxide and hydroxyl group, may reflect the difference in the heat of formation
of oxides.
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Figure 4. The change in intensity (cpm: counts/min) of TriboEE with rubbing time for groups 13 (Al), 12 (Zn), and 14 (Sn),
giving the median value of TriboEE intensity.

Table 1. The relationship between TriboEE intensity (the average and STDEV values) ! and the heat of formation of metal

oxides per oxygen atom, and the metal-oxygen bond energies, D(M-0), between the metals and oxygen 2

Group 4 5 6 8 : 9 - 10 : 11 : 12 13 14

Element (Period 3) : - - - - Al -

. 5

TriboEE (10 cqunts) 344+ 2.66
Heat of formation of ~ ~ ~ AlyO4(1/3)
oxide/O (k] mol~1) - - - - - - 20310/

—558.5
D(M-0)
2 -1 8.07
(102 kJ mol 1)

Element (Period 4) Ti - v - Fe - Co Ni - Cu Zn - -
TriboEE (10° counts) 245+£122 > 055+059 6.59 +2.94 < 7.66%0.86 > 333+115 < 6.83 +2.61 > 579+172 - -
Heat of formation of TiO - VO Fe304(1/4) - CoO NiO - CuyO ZnO ~ ~
oxide/O (kJ mol 1) ~519.7 4318 ~279.6 ~237.9 ~239.9 ~168.6 —350.46

D@-0) 7.68 > 6.81 5.28 > 487 ~ 4.89 > 418 < 5.99
(102 K] mol~1) ‘ : - : - ’ : )

Element (Period 5) Zr i Nb . Mo - ° - B Pd i Ag - - Sn
TriboEE (10° counts) 5.66 + 3.87 > 113+086 > 0.06+0.005 ) - 432+£178 < 5.03 +2.77 - 6.29 +2.53
Heat of formation of ZrOy(1/2) - NbO - Mo0,(1/2) _ - ~ PdO - AgrO - ~ Sn0,(1/2)
oxide/O (k mol 1) —550.3 —405.6 2945 —85.4 -31.1 ~288.8

D(M-0) R
7.99 6.54 5.44 - - 3.35 2.80 - 5.38
(102 K mol~ 1y e s i

Element (Period 6) B Ta w B - Pt : Au - -
TriboEE (10° counts) : ”(;834; > 1114+592 - N - 5114126 < 27254642 ) - - -
Heat of formation of - TayOs(1/5) WO, (1/2) . - ) Ptz04(1/4) - AuyO3(1/3) . ) .
oxide/O (k] mol~1) 2409.2 —2949 —40.8 =301

D(@-0) 658 > 5.44 - - 290 > 252 :
(102 K mol 1) " > : §

1 The data come from Momose, Y.; Yamashita, Y. Tribology International 2012, 48, 232-236. 2 The D(M-0) values are calculated from the
largest absolute value in the heat of formation of oxide per oxygen atom for metal oxides, which are given in Table 2, and the heat of

formation of oxygen in gas phase, which comes from CRC Handbook of Chemistry and Physics, 80th ed.; Lide, D.R. Ed.; CRC Press: Boca
Raton, FL, USA, 1999.
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Table 2. The metal oxides with various oxidation numbers (Roman numerals) in the periods and groups of the periodic

table and the values of AfHO per oxygen atom of oxides (AfHO: the heat of formation at 298.15 K (unit: k] mol 1) 1).

Group 4 5 6 8 9 10 11 12 13 14
Oxidation
number of - - - - - -
metal
Period 3 - - - - - - Al -
I ~ _ ~ _ Aly03(1/3) ~
—558.6
Period 4 Ti v - Fe Co Ni Cu Zn - -
1 ~ _ B B CuyO _ _ B
—168.6
" TiO VO . FeO CoO NiO CuO ZnO } }
—519.7 —431.8 —272.0 —2379 —239.9 —157.3 —350.46
Fe304(1/4)
- 34 - - - -
In, I 22796
T TipO3(1/3) V,03(1/3) FepO3(1/3) ~ NipO3(1/3) ~ ~
—507.2 —406.2 —274.7 —163.2
v TiOy(1/2) VO, (1/2) ~ ~ ~ . ~ ~ ~
—472.0 —359.0
v V,05(1/5) _ _ ~ _ _ ~
—310.1
Period 5 Zr Nb Mo - - Pd Ag - - Sn
L ) ) ) ) . AgyO . . .
—31.1
I ~ NbO ~ ~ PdO AgO ~ SnO
—405.6 —85.4 —114 —285.9
v Zr0y(1/2) NbO;(1/2) MoO,(1/2) ~ ~ . ~ Sn0y(1/2)
—550.3 —398.1 —294.5 —288.8
v . Nb,O5(1/5) ~ ~ ~ . ~ _ ~
—379.9
MoO3(1/3)
vi 2484 - - - - -
Period 6 - Ta w - - Pt Au - - -
. _ _ ~ Pt304 (1/4) _ _ B
I, Iv —40.8
AuyO3 (1/3)
r - - - - —3.01 - :
WO,(1/2)
v - 3949 - - - - -
v . TapO5(1/5) ~ _ ~ . ~ ~ ~
—409.2
WO3(1/3)
Vi —381.0 - - - - -

1 The formula and the values of the heat of formation for oxides are from CRC Handbook of Chemistry and Physics, 80th ed.; Lide, D.R. Ed;
CRC Press: Boca Raton, FL, USA, 1999, and Lange’s Handbook of Chemistry, 12th ed.; Dean, J.A., Ed.; McGraw-Hill, New York, NY, USA, 1979.
The heat of formation of oxide for Au comes from CRC Handbook of Chemistry and Physics, 62nd.; Weast, R.C., Astle, M.]. Eds.; CRC: Boca

Raton, FL, USA, 1981.
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Figure 6. XPS spectra for groups 6 (Mo and W), 8 (Fe), and 9 (Co) (a) before and (b) after the TriboEE measurement.

Figure 7. XPS spectra for groups 10 (Ni, Pd, and Pt) and 11 (Cu, Ag, and Au) (a) before and (b) after the TriboEE measurement.
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Figure 8. XPS spectra for groups 13 (Al), 12 (Zn), and 14 (Sn) (a) before and (b) after the TriboEE measurement and the
measurement range of binding energy and sensitivity factor for the core level XPS spectra of F1s, Ols, Cls, and 18 kinds
of metals.

3.2. Heat of Formation of Metal Oxides with Various Oxidation Numbers
In Table 2, metal oxides with various oxidation numbers and the values of the heat of
formation of oxides, AfHO, (unit: kJ-mol~!) per oxygen atom are classified into periodic

periods and groups in order of the oxidation number. The AfHO values for oxides formula
are selected from the CRC Handbook of Chemistry and Physics and Lange’s Handbook of
Chemistry [20-22]. The values of AfHO per oxygen atom are obtained by dividing the value

of AfHO by the number of oxygen atoms in the oxides. For example, the values of AfHO
in the case of iron oxides are —1118.4 for Fe30,, —824.2 for Fe,03, and —272.0 kJ-mol !
for FeO. The values of AfHO per oxygen atom are as follows: FesOy4 (1/4): —279.6, Fe; O3
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(1/3): —274.7, and FeO: —272.0 k]-mol ~!. For each metal, the values of AfHO per oxygen

atom of the oxides are classified by the oxidation number. It is seen that, for oxides of each

metal, except Fe and Sn, the absolute values of AfHO per oxygen atom tend to increase with

a decreasing oxidation number. We consider that the natural oxide layer predominantly

consists of the oxide with the highest absolute value of AfHO per oxygen atom.
From Table 2, the following observations are highlighted:

1.  Asone moves down groups 4, 5, 6, 10, and 11 from period 4 to period 6, the highest
absolute value of AH? per oxygen atom in periodic groups 4, 5, and 6 does not change
uniformly, as follows: TiO < ZrO, (1/2) (Group 4); VO > NbO < Ta;Os (Group 5);
WO, =~ MoO, (Group 6), while moving down groups 10 and 11 it smoothly decreases
as follows: NiO > PdO > Pt304 (1/4) (Group 10); CupO > AgrO > Auy O3 (1/3) (Group
11).

2. Asone progresses to the right from group 4 to group 6 in periods 4 and 5, the absolute
value of AfHO per oxygen atom with the same oxidation number decreases in the
following order: TiO > VO (Period 4); ZrO, (1/2) > NbO, (1/2) > MoO, (1/2) (Period
5); in period 6, although the oxidation number decreases from V to IV, it decreases in
the following order: Ta;Os (1/5) > WO, (1/2) (period 6).

3. Moving to the right from group 10 to group 11 in periods 4, 5, and 6, the absolute
value of AfHO per oxygen atom decreases in the following order: NiO > CuO (period
4); PdO > AgO (period 5); Pt304 (1/4) > AupO3 (1/3) (period 6).

The orders of the absolute value of AfHO per oxygen atom in the above correspond to

those of the TriboEE intensities in Table 1.

3.3. TriboEE Intensity and D(M—O)

According to Benziger [15], who proposed that the adsorption enthalpy AH,4 (A)
for A adatom on the metal surface is approximately equal to the normalized enthalpy of
bulk compound (1/y)AHs(MxAy), Yagyu et al. [16] obtained the D(M-O) values for metal
oxides using Equation (1):

D(M-0) = —(1/y) Ay H’ (MxOy) + A H? (O(g)) (1)

where D(M—O0) is the metal—oxygen bond energy; (1/y) Ay H%(MOy) is the normalized
heat of formation of metal oxides per oxygen atom; and A¢ H(O(g)) is the heat of formation
of oxygen in gas phase, equal to +249.2 k] mol~! [20]. For example, let us obtain the
iron—oxygen bond energy, D(Fe—O), from the data of the heat of formation for Fe3Oy (s)
and O (g). These chemical reactions for the enthalpy changes are represented as (a) and (b):
(@) 3Fe(s) +20,(g) — Fe3O4(s) Ay H(Fe30y)) = —1118.4 KJ-mol

(b) (1/2)02(g) — O(g) Af HY(O(g))= +249.2 kJ-mol !

The reactions (a) and (b) are rewritten to the thermochemical Equations (c) and (d):
(c) (1/4)[3Fe(s) + 204(g)] — (1/4)[Fe304(s) + 1118.4 kJ-mol 1]

(d) (1/2)0a(g) — O(g) — 249.2 k] mol !

Note that (c) stands for the formation of Fe3O4(s) per oxygen atom: (1/4)Fe3;04 from
(3/4)Fe(s) and (1/2)O;(g). The reaction (c)—(d) becomes (e). In this case, the heat of
528 kJ-mol ! is produced as given in (e),

(e) (3/4)Fe(s) + O(g) —(1/4)Fe304(s) + [(1/4) x 1118.4] kJ-mol~! + 249.2k]-mol ~!.

Thus, D(Fe—0) = 528 k]-mol~! (Table 1).

From the values of Ay HO(M,Oy) per oxygen atom given in Table 2, the D(M-0) values
were determined from the absolute highest value of A¢ H(M,Oy) per oxygen atom for each
metal in the same way as in [16]. The D(M-0O) value of Au was obtained from the heat of
formation of Au,O3 of —9.04 k] mol~! [22]. In Table 1, the TriboEE intensity (the average
and STDEV), the heat of formation of oxide per oxygen atom, and D(M-O) are listed.
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Figures 9 and 10 show the relationship between the TriboEE intensity and the D(M-O)
values. From Figure 9, we can draw the following conclusions. (1) In groups 4 (Ti and Zr),
5 (V, Nb, and Ta), and 6 (Mo and W), the D(M-O) values are maintained approximately at
the same level, and are considerably higher than those in groups 10 and 11, but moving
down these groups the TriboEE intensity progressively increases. (2) When the metals
in groups 4, 5, and 6 are rearranged in periods 4, 5, and 6, it is seen that, moving to the
left of periods 4 (Ti and V), 5 (Zr, Nb, and Mo), and 6 (Ta and W), the TriboEE intensity
increases with the increase in the D(M-0O) values. This trend is also confirmed in Table
1. (3) In groups 10 (Ni, Pd, and Pt) and 11 (Cu, Ag, and Au), moving down the groups,
the D(M—O) value slowly decreases, interestingly, while the TriboEE intensity tends to
increase. (4) When the metals in groups 10 and 11 are rearranged in periods 4, 5, and
6, it is seen that, moving to the right of periods 4 (Ni and Cu), 5 (Pd and Ag), and 6 (Pt
and Au), the TriboEE intensity increases with the decrease in D(M-O) values. This trend
is also confirmed in Table 1. Previously, it was reported that the increase in the TriboEE
intensity for groups 4, 5, and 6 can be attributed to the decrease in the WF or photothreshold
(Table 3) [8]. Moving down groups 10 and 11, the increase in TriboEE can be associated
with the lowering of the D(M-0O) values. This is a new finding. From the above facts, I
think that, for the metals in groups 4, 5, and 6, the electrons predominantly pass over the
top of the surface barrier consisting of a surface oxide layer, while for the metals in groups
10 and 11, the electrons can preferentially tunnel through the surface barrier because of the
decr