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Theoretical analysis of the interaction of graphene with elements from the first to the sixth
period of the periodic table and electrocatalyticaly significant molecular species

Abstract

In this work, the reactivity of pristine graphenegamphensurfaces modified by doping and defects

was investigated. A comprehensive database was created on the adsorption of atoms on pristi
graphene for the elements of the Periodic Table up to atomic number 86 (excluding lanthanides), usir
a Density Functional Theory (DHIgsed approach with dispersion force corrections. Dispersion
forces provide a significant contribution to the interaction of some atomic spéthepristine
graphengdue to its chemically inert surface. Monovacancy systems (M@VG) were examined in &
similar manner as pristine graphene, covering the same elements from the first six periods of th
Periodic Table. Most elements bigldtiveviystrongly to the vacancy, while group 11 and 12 elements
and noble gases predominantly bind through dispersion forces. The adsorption strength correlates wi
the cohesive energy of the elements in their pure phases. The dissolution potential was assess
showing that metals adsorbed on vacanc+Hatens can
catalysts represent thaghest degreef catalyst utilization. Models were studied comprising nine
metals (Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, and Au) on four different substratepr{gtthe graphene,

NDG 0 nitrogendoped graphene, BD@ borondoped graphene, and V& graphene with a
vacancy). Only M@VG systems remained stable against aggregation and dissolution. The reactivity
atomic and molecular adsorbdtegards single metal atoms in the vacamasyevaluated, revealing
scaling relationshijpgtween the adsorption energies of atomic species and their molecular analogues
Similar scaling was observed between the adsorption energies of atoms and molecules on individt
metal atoms supported on PG, NDG, and BDG, which is attributed to their similar electronic
structure. Analysis of the hydrogen evolution reaction showed that only M@VG systems remain stabl
under highly acidic conditions. The reactivity of the-B¢ates (SW) defect was investigated, focusing

on the first three periods of the Periodic Table as well as selected transition metals. The SW defe
enhances adsorbate binding compared to PGinflienceof mechanical straion reactivity was
analyzed. Imposing stréd@ads to stronger binding some cases leading to structural reorganization
and integration of adsorbed atoms into the lattice, thereby disrupting the SW defect. These resul
highlight the dual role of defects and mechanical deformation in modulating graphene reactivity.

Keywords:graphene, defects, electrocatalysis, energy conversion, density functional theory, single
atom catalysts

Scientific field: Physical Chemistry

Scientific subfield: Physical Chemistd/Chemical Thermodynamics, Materials
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H

Ot O] Ot He
1.126 PBE 3.419
1.125 PBE+D2 3.215
1.127 PBE+D3 3.286
1.123 vdW-DF2 3.226
Li Be B C N o F Ne
2.230 | na 1842 | 1527 | 1462 | 1459 | 1561 | na
2271 | 2.049 1842 | 1526 | 1461 | 1458 | 1560 | 2.910
2.230 | 2.052 1.848 | 1527 | 1462 | 1459 | 1560 | 2.947
2.264 | 3.654 1.696 | 1534 | 1.487 | 1.504 | 1.823 | 2.933
Na Mg Al Si P S Cl Ar
2.724 | 3.924 2567 | 2189 | 3770 | 1.918 | 3206 | na
2,669 | 3.491 2571 | 2191 | 3457 | 1918 | 3.006 | 3.477
2.723 | 3.673 2611 | 2192 | 3611 | 1.918 | 3.170 | 3.445
2.861 | 3.805 2454 | 2635 | 3461 | 3.556 | 3.185 | 3.612

K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

2960 | 2708 | 2439 | 2.331 | 2333 | 2374 | 2516 | 2109 | 2101 | 2114 | 2191 | 3.855 | 2.630 | 2430 | 4079 | 3.699 | 3.115 | 3.888
2974 | 2734 | 2432 | 2324 | 23327 | 2377 | 2514 | 2105 | 2,094 | 2109 | 2069 | 3.416 | 2627 | 2432 | 3554 | 2142 | 3321 | 3.664
2986 | 2712 | 2439 | 2.331 | 2333 | 2381 | 2559 | 2131 | 2100 | 2112 | 2101 | 3582 | 2.716 | 2473 | 3.769 | 3.550 | 3.586 | 3.785
3.099 | 2882 | 2567 | 2435 | 2456 | 2517 | 3.823 | 3498 | 2214 | 2014 | 2483 | 3.783 | 2688 | 2.696 | 3.577 | 3.282 | 3.378 | 3.774

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
3119 | 2.884 | 2563 | 2450 | 2275 | 2204 | 2185 | 2239 | 2276 | 2173 | 3591 | 4.131 | 2.808 | 2702 | 3.872 | 3.693 | 3.691 | na
3121 | 2915 | 2554 | 2440 | 2265 | 2.201 | 2181 | 2230 | 2.276 | 2173 | 3.263 | 3.494 | 2650 | 2.746 | 3.691 | 3.377 | 3.424 | 3.816
3129 | 2.887 | 2563 | 2450 | 2275 | 2478 | 2184 | 2249 | 2277 | 2176 | 3561 | 3.727 | 2952 | 2716 | 3.947 | 3538 | 3.694 | 3.649
3.276 | 3.128 | 2.776 | 2554 | 2447 | 2.796 | 2.973 | 2365 | 2.200 | 2313 | 3430 | 3.644 | 2.882 | 2.941 | 3711 | 3684 | 3.660 | 3.624

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
3259 | 2964 | 2671 | 2401 | 2348 | 2220 | 2208 | 2233 | 2072 | 2097 | 2451 | 4095 | 2.939 | 2.881 | 4.032 | 4.443 | 4172 | na
3249 | 2779 | 2.644 | 2391 | 2338 | 2231 | 2202 | 2232 | 2.073 | 2093 | 23343 | 3470 | 2673 | 2.835 | 3.687 | 3.400 | 3.776 | 3.745
3275 | 2978 | 2.676 | 2402 | 2348 | 2.238 | 3.374 | 2258 | 2.077 | 2.098 | 2489 | 3583 | 3.016 | 2.901 | 3.822 | 3547 | 3.900 | 3.693
3418 | 3123 | 2.824 | 2595 | 2495 | 2.442 | 3576 | 3610 | 2.162 | 2177 | 3126 | 3.747 | 3.042 | 2.973 | 3780 | 3.737 | 4.025 | 3.657

c} OO ZH.2 T ot O OdGZOP ndO didO ¢2qyZA?qy)o GO Z.0 O P
OAZ o T n, gpo [A)O ElgeYier 2O1§).

0t O] Ot He
10.84 PBE 70.01
1091 PBE+D2 70.03
1088 PBE+D3 70.04
10.91 vdW-DF2 70.03
Li Be B C N O F Ne
1119 | na 7088 | 7146 | 1091 | 1206 | 1173 | na
1156 | 10.10 71.04 | 7159 | 71.03 | 7215 | 11.83 | 10.04
71123 | T0.02 7096 | 7152 | 1098 | 1212 | 1179 | 10.03
1105 | 10.16 7050 | 11.04 | 1059 | 1148 | 1165 | 10.04
Na Mg Al Si P S Cl Ar
1055 | 1003 7088 | 1044 | 7000 | 7066 | 1079 | na
1093 | 7011 7109 | 1064 | 1012 | 1083 | 1092 | 10.08
1064 | T0.24 7099 | 7055 | 7024 | 7080 | 71093 | 710.09
1049 | T0.16 7060 | 7030 | 7019 | 7046 | T1.04 | T0.11
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
1094 | 71065 | 1137 | 7168 | 11.07 | 1024 | 1015 | 1070 | 1122 [ 71140 [ 7027 | 7002 | 7073 | 1026 | 7002 | 7012 | 7053 | 70.01
7124 | 7091 | 7161 | 7193 | 7132 | 7052 | 1038 | 1098 [ 1150 | 1167 [ 71055 | 1017 | 7099 | 1053 | 71017 | 7032 | 7073 | 7013
1107 | 7075 | 71148 | 7180 | 7118 | 7038 | 1030 | 71082 [ 1132 [ 1150 [ 1044 | 7021 | 7090 | 71041 | 7015 | 1027 | 7072 | 7012
1086 | 1042 | 7075 | 7090 | 7071 | 7031 | 7018 | 7030 [ 7025 [ 7073 [ 7022 | 7015 | 7053 | 71028 | 71020 | 7037 | 7080 | 7014
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
1095 | 1060 | 7146 | 7202 |71136 |[1015 | 7114 | 7160 | 7276 | 7221 | 7003 | 7002 | 7057 | 1015 |7001 | 7006 | 1035 | nb
1132 | 7095 | 1178 | 1236 | 1173 | 1053 | 1153 [ 11297 | 1213 | 1147 | 7032 | 7022 | 7095 | 71050 |7022 |7028 |1055 | 10.18
1111 | 7073 | 1158 | 1215 | 1148 [ 1029 | 71127 [ 7178 | 1190 | 1129 | 7024 | 7022 | 7078 |71032 |7015 | 71025 | 1052 | 10.16
1088 | 7049 | 7101 | 7114 | 7094 [ 7027 [ T029 [T7078 | 711200 | 7082 | 7020 |T7016 | 7053 | 7028 | 7022 | 7031 | 7059 | T0.16
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
1111 | 71.05 | 7193 | 1149 | 1157 | 71052 [ 1005 | 7089 | 1133 | 1146 | 7013 | 7002 | 7056 | 1014 | 71001 | 71005 | 1026 | na
1217 | 1195 | 1275 | 1213 | 1216 | 1113 | 1066 | 1149 | 1190 | 1202 | 7069 | 71036 | 7089 | 1053 |71028 |71029 |1050 | 1024
1128 | 1108 | 1207 | 71162 | 1172 | 1074 | 7033 [ 7113 | 1154 | 1176 | 71036 | 71025 | 7082 |71034 |7016 | 1025 | 1045 | 1017
11.03 | 7095 | 7142 | 7081 | 71045 | 71023 | 7022 [ 71029 | 71054 | 7106 | T042 | T017 | 7057 | 1030 | 7022 |7028 | 7049 |T017
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0.01 PBE 0.00
0.01 PBE+D2 0.00
0.01 PBE+D3 0.00
0.00 vdW-DF2 0.00
Li Be B C N 0 F Ne
0.00 | na 0.00 | 044 [ o078 | 000 | 000 | na
0.00 | 1.02 0.00 | 044 | 078 | 000 | 000 | 0.00
0.00 | 1.02 0.00 | 044 | 078 | 000 | 000 | 0.00
0.00 0.00 0.00 0.38 1.80 0.00 0.00 0.00
Na | Mg Al Si P S Cl Ar
0.25 | 0.00 0.00 | 1.42 | 300 | 000 | 053 | na
0.23 | 0.00 0.00 | 1.43 | 3.00 | 000 | 053 | 0.00
0.25 0.00 0.00 1.43 3.00 0.00 0.53 0.00
0.36 0.00 0.00 1.85 2.98 1.77 0.50 0.00
K Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

0.08 1.02 2.22 3.31 4.38 5.66 5.44 2.04 1.05 0.00 0.81 0.00 0.00 1.67 3.00 1.85 0.59 0.00
0.09 1.02 2.21 3.30 4.37 5.66 5.44 2.04 1.05 0.00 0.82 0.00 0.00 1.66 3.00 0.00 0.59 0.00
0.09 1.02 2.22 3.31 4.38 5.67 5.46 2.08 1.05 0.00 0.84 0.00 0.00 1.70 3.00 1.85 0.59 0.00
0.00 0.54 1.82 3.41 4.51 5.80 5.00 3.98 1.48 0.00 0.77 0.00 0.00 1.81 2.97 1.80 0.55 0.00

0.10 1.02 2.04 3.20 2.01 0.00 0.23 1.78 0.71 0.00 0.99 0.00 0.00 1.74 3.00 1.89 0.68 na

0.09 1.01 2.02 3.17 1.90 0.00 0.08 1.76 0.71 0.00 0.96 0.00 0.00 1.70 3.00 191 0.67 0.00
0.10 1.02 2.04 3.20 2.03 5.59 0.20 1.79 0.72 0.00 0.98 0.00 0.00 1.74 3.00 1.90 0.66 0.00
0.00 0.00 0.00 3.26 3.43 5.85 5.13 1.89 0.84 0.00 0.00 0.00 0.00 1.78 2.98 1.84 0.62 0.00

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
0.04 0.84 1.87 3.09 3.49 2.16 0.81 1.93 0.92 0.00 0.87 0.00 0.00 1.75 3.00 1.92 0.73 na
0.00 0.80 1.78 3.06 3.44 2.22 0.79 1.93 0.92 0.00 0.88 0.00 0.00 1.73 3.00 1.95 0.72 0.00
0.02 0.87 1.88 3.09 3.50 2.25 5.02 1.97 0.92 0.00 0.87 0.00 0.00 1.75 3.00 1.94 0.72 0.00
0.00 0.00 0.71 0.95 2.99 4.51 5.00 3.87 1.01 0.00 0.00 0.00 0.00 1.75 2.99 1.87 0.66 0.00

3.3.3. T ¢AYyEY00020 TLY?20D0 €ZOYLYy?2Vtyz nc
. TpZ006 o0ygnTgynd @ KZy) OcOdy| 060¢ PCZA?Y pdy |
Z6Y) pt €Oy ¢7T y nop) ApTLO?y by O¢ AONtRO | gudtO s opd
Ot O) Obotd TYOLyz yY 3@OQYS? Hidydg POPL P60 OTLPRO ( O
TnbT20byz T 6064 Obtdf bTgn¥ dd ¢OYIttToTerd Od
] Ogto6 060g PZA?2y0n0 yoObtysynpdddd ndp AZOs OZOd?
O pOCZmp ¢+ 000t 0. t Ot 0O6tyoddp 60tynd €O Yaepigpee3p 0. 13

ftoo0y) 0 T -BEA2BOTO.vdW
306 001700 ¢6Z LK?y phO OdbOCZOYyn O oo OZ6dyz Ot 6
npds y OF @6 20Nptddppdn? y € OA Z po 11Q4ph0 Blsdger (30¥8). ZO's .
51 6 ¢ 0P 5 6 1 PBE PBE+D2 PBE+D3 VAW-DF2
FOICos Ot (Ziqm‘”’é’é;L Eacsl €V Jo%éi__Eads/eV Joooét Eaae/ €V J"%g,Eads/ev
R 3 h 10.91 h T112 h 1102 b 10.61
11 h 10.88 h 11.09 h 1099 b 10.60
< 4 b 10.45 b 1065 b [CE 10.35
12 b 10.44 b 1064 b 1055  t 10.30
o 8 h 10.70 h 1098 h To82 10.30
14 h 10.75 h 11.03 h 1087 t 1017
\i 10 h 11.40 h 1167 h 115 b 1073
18 h [ 1.42 h 1168 h [151 b 10.65
cu 11 b 10.27 t 1055 t | 0.44 t | 0.22
17 b [0.28 t 1055 t 1044  t 10.20
21 12 t [ 0.02 h [0.17 h 10.21 h 10.15
20 t 10.02 h 1018 h 1021 h 10.15
- 4 h 12.05 h 12.39 h 12.18 h 11.17
12 h [ 2.02 h 1236 h 1215 h [ 1.14
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PBE+D2 AZmZG62X¥dy), noém y dOny @EaI2ZEOY T+t t

3600tTZIQR0OC2 0 PBE AZpZo&?27Tdd ot ¢n0O 00
Am) gfedM Ot d Quantum ESPRESSO (g6 7Tstgo) C
(g6 PAW ACy¢tTAmp ). RO ¢o66ny Os O Odt,
0CZ7Owm) PBE+DRpoZoCNYT 1 &DAZ pod 11940 Blsdger (0Y8). Z O's
Quantum ESPRESSO VASP
o ~ OZ o ~ OCZ oo
OL Oj Od Q(_)L_Od)t (_)0¢ Eads/ev QéL_O(bt 0 0¢ Eads/ev
Ot Ont ¢ Ot Ont ¢
_ t 10.89 t [ 0.84
H 1 / / 1 t 70.91
h 10.45 h 0.55
NaP 1 h 70.81 / h 10.93
b 11.83 b [ 2.06
O 6 b 71.93 6 b 1216
] t 10.98 b 10.79
cl / / / / b 1092
h 10.63
o 16 h 10.89 o h 10.70
o h 10.68 h 10.98
h 10.96
) h [ 1.44 h [ 1.40
Ni 10 h 1171 10 h 1167
t 10.26 b 10.27
Cu 11 t 1053 11 t 1055
h 1.50 h 1 1.60
Ru 8 h 11.96 14 h 11.97
h [ 1.43 h [1.76
Rh 9 h 11.80 15 h 1213
b 11.08 b 1111
Pd 10 b 11.45 10 b 11.47
h 10.03 b 10.03
A9 1 h 10.33 11 h 10.32
. ° b [1.14 o b 1.33
b 11.70 b 11.90
b [ 1.45 b [ 1.46
Pt 10 b i201 10 b 1202
t [0.14 t 10.13
Au 1 t 10.70 11 t 10.69
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vdW-DF2

30006 CH2T b6t O ObDOZOYynO O60¢ PZA?ynO Ot
D 06y doy ?Topodd 2GV . € O A o T11,8p6 BaB¥2018)Y Z Os .

H 01 0 Od He
73.29 PBE 70.01
1337 PBE+D2 10.02
73.33 PBE+D3 1003
13.41 vdWIDF 10.02

Li Be B C N O F Ne
1265 | 16.17 711291 | 11560 112,02 | 17.77 | 1455 nb
1294 | 76.30 713.04 | 11570 | T1211| 17.85| 14.67 | 10.04
1272 1623 112,96 | 11564 | 112.07 | 17.83 | 1462 | 10.03
1259 | 16.29 111.76 | 71560 | 7951 | 1541 | 72.43 | T10.04
Na Mg Al Si P S Cl Ar
7188 | 1170 1515 | 7821 | 1831 | 1713 | 71285 | 10.00
1220 1198 1537 | 1838 | 1847 | 1727 | 13.03 | 10.08
1200 | 71180 1523 | 7828 | 1841 | 17.25| 73.01| 10.09
1174 | T11.40 1475 | 7762 | 7770 | 16.08| T251 | T0.08

K Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
1209 | 7318 | 1648 | 1803 | 1727 | 7616 | 1618 | 1710 | 17.68 | 7664 | 1361 | 11.05| 1396 | 1630 | 1662 | 1560 | 1220 T0.01
7236 | 1350 | 1677 | 1830 | 1754 | 1642 | 1643 | 1735 | 17.92 | 1689 | 1387 | 1132 | 1424 | 7654 | 1684 | 1579 | 1243 | 10.12
1222|1327 | 1659 | 1814 | 1738 | 7628 | 1631 | 1723 | 1779 | 1678 | 1375 | 1118 | 1407 | 1639 | 1674 | 1574 | 71239 | 10.12
7192 | 7278 | 1589 | 1722 | 16.87 | 1595 | 1556 | 1632 | 1664 | 1572 | 1289 | 1030 | 7308 | 1559 | 1604 | 1461 | 71.89 | 710.13

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
1206 | 7283 | 1621 | 1834| 1815 | 1729 | 1826 | 1881 | 1834 | 1527 | 1172 | 71010 | 1212 | T428 | 1498 | 1424 | T167| 1003
7241 | 7323 | 1660 | 1871 | 71852 | 1765| 1861 | 19.16 | 1869 | 1562 | 1211 | T047 | 1258 | T464 | 1529 | T451| 7197 | 1015
1223|7293 | 1632 | 1845| 1826 | 1743 | 1847 | 1899 | 1849 | 1544 | 1189 | 1034 | 1228 | 1439 | 1501 | 1442 | 7189 | 70.16
1188 | 1239 | 1557 | 1751 | 1774 | 1693 | 1731 | 1767 | 1705 | 7430 | 1128 | 1019 | 7194 | 7396 | 1472 | 1341 | 1144 | T011

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
7220 | 7338 | 7670 | 1860 | 1899 | 1852 | 1813 | 19.29 | 1928 | 1708 | 7240 | 1003 | 7212 | 1331 | 7406 | 1338 | 1141 | 10.00
7333 | 7439 | 1762 | 1917 | 1950 | 79.03 | 7863 | 1979 | 1977 | 1757 | 1293 | 1040 | 17250 | 7369 | 7446 | 1368 | 1177 | 10.24
1237 | 71349 | 1681 | 1871 | 1913 | 7872 | 1837 | 1953 | 1945 | 1734 | 1260 | 1029 | 1238 | 1346 | 1419 | 1358 | 1167 | 10.18
1201 | 7290 | 1598 | 1764 | 1792 | 7800 | 1731 | 1803 | 17.67 | 1602 | 1180 | 1019 | 71196 | 1310 | 1383 | 1256 | 71.22| 10.15
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OYT1LO6LO f (BF NiHZ y2 &)nO t)quogdO [

0O0¢ PZA?Yy DT b (Figgm pfO@eSE OdDo pgt OO0 0o
BE+D2 > PBE+D3 > PBE > vdWDF2.

s TndédYTnO 66 T 00OYyoooX dd 0606nd6cd?yoDo
O PACYy dbpg 0y ¢ AKOCZYY pdbpp y bt OZdn?ypy ZOk ¢
ObOZOynd 60¢ PZA?YyDO AKZPboRObMd pbpO YO C,
TOb Oy npdy) Ot V) 6-010&)6QMihE n Qg bIZOBaY T o
00nod?ynm , ObOZOypno) 6 yY) ORT 18 eV y
Ot O) OhO L O ¢605 08¢y ¢7T ¢H3] 3w nd t GO OOC
KZy) OsTonX Yo O O) Obt O ¢06 APATo Oy

nods y OF ¢ F?Pryldi§)) daps(nkt O) Odbyty OO ¢ pby) .
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300010 dMOdp¢gt OLe) 0 @O €00 dy | gpddadrpdd
CZOAZ @O T n o [AlB)yo REY(20Z8D s .

H 31 6) 04 He
0.023 PBE 3.274
0.023 PBE+D2 3.038
0.026 PBE+D3 3.037
0.284 vdWI DF 2.988

Li Be B C N O F Ne
1.687 0.842 0.043 0.000 0.010 0.315 1.654 2.877
1.730 0.856 0.047 0.000 0.009 0.316 1.655 2.705
1.690 0.855 0.033 0.000 0.010 0.316 1.653 2.763
1.583 0.798 0.028 0.000 0.006 0.327 1.542 2.782
Na Mg Al Si P S Cl Ar
2.142 1.754 1.388 1.167 1.153 1.063 2.136 3.359
2.112 1.741 1.391 1.169 1.164 1.073 2.139 3.145
2.169 1.757 1.391 1.186 1.164 1.073 2.135 3.192
2.160 1.797 1.390 1.186 1.191 1.073 2.170 3.191

K Ca Sc Ti \ Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
2491 | 1.974 | 1735 | 1.474 | 1.399 | 1.359 | 1.293 | 1.222 | 1.179 | 1.192 | 1.289 | 1.445 | 1.372 | 1.427 | 1.458 | 1.345 | 2.320 | 3.710
2436 | 1.952 | 1.742 | 1.481 | 1.418 | 1.382 | 1.297 | 1.238 | 1.189 | 1.195 | 1.303 | 1.456 | 1.379 | 1.436 | 1.458 | 1.355 | 2.321 | 3.304
2528 | 1.986 | 1.744 | 1.484 | 1.419 | 1.375 | 1.297 | 1.222 | 1.182 | 1.195 | 1.293 | 1.439 | 1.375 | 1.434 | 1.464 | 1.355 | 2.331 | 3.362
2503 | 2.063 | 1.787 | 1.519 | 1.465 | 1.427 | 1.327 | 1.254 | 1.226 | 1.236 | 1.388 | 1.606 | 1.48 | 1542 | 1524 | 1.381 | 2.361 | 3.380

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
2641 | 2135 | 1.939 | 1704 | 162 | 1578 | 1.514 | 1.464 | 1.460 | 1.447 | 1746 | 2.432 | 2107 | 1.931 | 1.819 | 1.694 | 2.540 | 3.657
256 | 2107 | 1.940 | 1.719 | 1.634 | 1592 | 1521 | 1.476 | 1.439 | 1.459 | 1.763 | 2.353 | 2.103 | 1.939 | 1.856 | 1.696 | 2.528 | 3.170
2679 | 2451 | 1.950 | 1.718 | 1.63 | 1587 | 1.510 | 1.476 | 1.439 | 1.454 | 1.763 | 2.609 | 2.135 | 1.936 | 1.853 | 1.694 | 2.544 | 3.347
2661 | 2252 | 1.997 | 1.773 | 1.68 | 1637 | 1.571 | 1548 | 1520 | 1.535 | 2.033 | 3.314 | 2.268 | 1.996 | 1.863 | 1.731 | 2.627 | 3.178

Cs Ba La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
2788 | 2.269 | 2.029 | 1.665 | 1.588 | 1584 | 1.540 | 1512 | 1.486 | 1.467 | 1.637 | 3.483 | 2436 | 2.128 | 1.979 | 1.845 | 2.652 | 3.637
2532 | 2203 | 2.029 | 1.669 | 1.601 | 1587 | 1.556 | 1.517 | 1.488 | 1.482 | 1.659 | 2.855 | 2.435 | 2.132 | 1.987 | 1.858 | 2.646 | 3.284
2.808 | 2278 | 2.038 | 1.665 | 1.595 | 1585 | 1.546 | 1.517 | 1.486 | 1.482 | 1.648 | 2.998 | 2.552 | 2.131 | 1.983 | 1.845 | 2.647 | 3.385
2815 | 2373 | 2115 | 1.721 | 1.655 | 1617 | 1.585 | 1554 | 1528 | 1.526 | 1.817 | 3.315 | 2.501 | 2.192 | 2.035 | 1.902 | 2.741 | 3.454
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gL 72007 o0msoYy o yegtydgnyz 20 yognyz ybdtOZobn
PELOOCZTDO nCpY 3 Ot OntZopdgny ¢ygto) nooy T |
3t yn6AqnB.YTFnO 006 ¢O O 0] Obty | pOF¥ Zo¢gAPZOOY:
yEATOO@ZEOytddsr 6) 6 | OT ¢O OCTAygdty YOo OO dp D
ApP6 O 620 npzOYy pdbO ObOZOYyDnO 2y¢tO | OLOot @O s6
PZOYyLOL 6] 0 (OptOn t@ydboQOK g, 6 YT 0T 00nT nop&dt 0?2y o0

HApPZORYy 6620 OdbOZOYyDd bSo0¢ZA?ynO y npzOVYyp
Z6YT) O660F% 006 1y Otp §y AKAZOsOZyZooTX 006 ¢O o6o0¢
nt6¢gtOC d6 OC6sOdT. 38y O 0] Obty VYdd?20pDdp ¢4
66nod?yop , toéone 00 60 ¢gO APoOoydd?dy Ootaqg K
Z66dy 22y¢gtpO OC6sOdd. UOnp pO O6ZYypOZHI2ZNG OV
6ty ) OF jyogygdéty y Oyty Y&ZpObOdy T 0606ndd
606 Oy¢g) o AZp?O0dyty | pOFechpgt Amgt 06000 AZp?O
ObOZOYyDO ¢86 YyYZE2TbEdLEYy)] ODSCEZIM®DE 2D )30 ¢ PZA?y 0 O

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18

: PBE

- U [l U

Am m "TThL ] HU WH 1k

LuS-z—

‘;-3- PBE+D2

%.?1- AgAzd

: PBE+D3

0w I I I u

IR AR T NHH HNHHH i

z vdW-DF2
3t ynoROPZ ODOCOYy mh® & b gyp@RPHPDYOPddW6L 6 T o
s0YO6)] 6. SO00tLyOGdO O0COO0dpgty TndYToFX dd t
gomny )] 2y¢ty)] sO6Y6) 0. tOYTrtoty ¢T dddoOo6C
00 OCmp 036 AqndBOTTbit dDIBIERTS RS,
4. 30.63000Ot b6 M@WH § £ & &) 6
08 0mDEMAVG ¢yEtO; 6 OTEBODODY ¢TIZG o ObO €6 2
BOJ O ¢O o0pOCZp ¢£607T T _ KAKZOOWAYWROBIAY L) yNTDO} apy
npeZyBeDBDFU YO ,grBedonno®e@OOppedtyodg ppO y ) 6 dOd
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] 60 ¢O0 YOonbT2yty 06 O60¢pPZAK?ynd O6to 6 DO 606
t OYFttoty FndYFoT o006 60tyny FTo0O@m €ZO0Y) 0t C0 dyz
6 n dOny O O] Ohedys n(Baidyd &) diyt oy ¥V, O CbdPOabt§, VO i 8
JyY OCTK® 11 y 12) 0060F ] 60bOLDO ¢ygtO)] O ¢b6 Yo
ROy byd KZy, O | 60O 6yoO0Oty T ¢tT20607F 6¢
g5 720000 W 6 OdBQAGYOYos | nony b O KA 80t y2ydy 06 Op
@6 PO = ZOF&E gpoBny. 0O AZYy noAPAIHZ O0 Yy p€ PP E@PLY00d0y |¢
gygLOBNY QT ( KRWHPXD | 6 ODOLYyYS) Apty?20 @6 ¢06) O K
ZOBOLny . ORODDHOE Op) 6 ¢4500yz ydbtOZOon?ynd Kt O C
Opt pd g dbOAKZ@) OO0 T6. APZOROIT ¢06 2y¢ty)] V

A9 @ 3 OIAPLYDE JHBAPDID
& DPPIBE B O LGHRS 2 T BD 7

H Ot O0) Ot He
2.74 PBE 1.36
2.74 PBE+D2 1.36
2.74 PBE+D3 1.36
2.48 vdWI DF2 1.38
Li Be B C N O F Ne
0.82 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.36
0.82 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.37
0.82 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.36
2.20 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.38
Na Mg Al Si P S Cl Ar

0.98 1.94 0.00 | 0.00 | 0.00 | 0.00 | 0.01 1.36
0.98 1.94 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.37
0.98 1.94 0.00 | 0.00 | 0.00 | 0.00 | 0.00 1.37
0.98 1.89 0.00 | 0.00 | 0.00 | 0.00 | 0.39 1.45
K Ca Sc Ti \Y Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

1.00 1.89 | 0.00 | 0.00 1.01 | 2.01 2.84 0.00 0.28 0.00 | 0.87 1.00 0.00 0.00 0.00 0.00 0.00 1.36
1.00 19 0.00 | 0.00 1.01 | 2.02 2.83 0.00 0.28 0.00 | 0.77 1.18 0.00 0.00 0.00 0.00 0.00 1.37
1.00 1.89 | 0.00 | 0.00 1.01 | 2.01 2.84 0.00 0.28 0.00 | 0.93 112 0.00 0.00 0.00 0.00 0.00 1.37
0.99 1.82 | 0.00 | 0.00 1.01 | 2.05 2.76 0.00 0.00 | 0.00 | 0.94 1.78 0.00 0.00 0.00 0.00 0.00 1.38

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe

1.00 1.96 0.00 0.00 0.97 1.98 0.94 0.00 0.00 0.00 1.02 1.69 2.33 0.00 0.00 0.00 0.02 1.37
1.00 1.96 0.00 0.00 0.97 1.98 0.94 0.00 0.00 0.00 1.00 1.72 2.34 0.00 0.00 0.00 0.07 1.42
1.00 196 | 0.00 | 0.00 | 097 | 1.98 | 0.93 | 0.00 | 0.00 | 0.00 | 1.00 | 1.50 | 2.30 | 0.00 | 0.00 | 0.00 | 0.15 1.39
1.00 193 | 0.00 | 0.00 | 097 | 199 | 095 | 0.00 | 0.00 | 000 | 095 | 1.31 | 222 | 0.00 | 0.00 | 0.00 | 0.60 1.41

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

1.00 1.97 0.00 0.00 0.75 1.97 0.94 0.00 0.71 0.00 1.00 1.34 0.81 0.00 0.00 0.00 0.37 1.37
1.00 198 | 0.00 | 0.00 | 0.77 | 1.97 | 093 | 000 | 0.71 | 0.00 | 1.00 | 1.40 | 0.80 | 0.00 | 0.00 | 0.00 | 0.36 1.41
1.00 196 | 0.00 | 0.00 | 0.76 | 1.97 | 0.94 | 000 | 0.71 | 000 | 1.00 | 1.38 | 0.82 | 0.00 | 0.00 | 0.00 | 0.41 1.40
1.00 194 | 0.00 | 0.00 | 0.63 | 1.99 | 1.02 | 0.00 | 0.00 | 0.00 | 059 | 1.35 | 0.77 | 0.00 | 0.00 | 0.00 | 0.71 1.46
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KptOb?ynds. H L@ ¢8T2060F, YO ¢606ny | Otds obo0¢
Apt Oh? yp ot doyo REAEOOO6 D.y nIdpRIO6 006 ¢20b0CZy p Amgt
DO ¢06¢tO66C6DT g0 PHMPEH? Yy p@¢ T + Kbt QaOmzd + 6
ZogrtompZy)] 6 (Ot OntZpody AptOd?ynodt yYdoéo 1. 23

3000tBYAR2 Tt O SCZO0dhpgty ¢t 6 dodTdabyd/MiIVDAG) t M o
20LyZy KZy) OoObO | Ot o O. Tnp g0 K@pt TZOO6n?ynod
bdp OOO6LYyOyDnd 06COO0 hp¢ t . Rt O Oty ¢FT OCTAKy¢O6d
6L £ny )T gdd@PoyO|Z.0K Z pod 11i8p6 RGBY201B)Y € Os .
) Ot & Fis o ul!V z e vevd V
PBE PBE+D2 PBE+D3 vdW-DF2
Li [ 3.0401 1 [2.02 1173 [1.95 [2.08
Na [2.71 1 1194 1162 J1.82 1182
K [ 2.931 1 1178 151 11.65 1195
Rb 2.98 1 1177 1142 11.60 1195
Cs | 3.206 1 1181 10.68 11.64 12.00
Be 1.847 2 [0.42 10.36 10.39 10.36
Mg 12372 2 1228 1214 1223 12.43
Ca 12.868 2 12.20 12.04 1215 12.40
Sr 12.889 2 1233 1213 1228 1255
Ba 12912 2 1217 11.67 1212 1241
Sc [ 2.077 3 [1.22 [1.12 [1.18 [ 1.41
Y 12372 3 1176 1163 1172 1197
La 12.379 3 1164 11.33 11.60 1188
Ti [ 1.63 2 [0.04 0.10 0.02 [ 0.45
Zr [ 1.45 4 10.93 1084 10.90 1114
Hf 1155 4 11.01 10.87 10.98 1125
Vv [1.13 2 10.15 0.01 10.10 10.35
Nb [ 1.099 3 [ 0.91 10.78 [ 0.87 [ 1.04
Ta 10.60 3 [ 0.30 10.13 [ 0.26 [ 0.66
Cr [0.74 3 [ 0.05 0.03 [0.01 10.12
Mo . A
W . A
Mn [ 1.185 2 0.45 0.57 0.51 0.14
Tc h. A
Re 0.30 3 0.33 0.50 0.41 0.06
Fe [ 0.44 2 0.97 1.10 1.04 0.58
Ru 0.60 3 1.29 1.41 1.35 0.91
Os dh. A
Co 10.28 2 1.37 1.49 1.42 0.85
Rh 0.76 3 1.62 1.74 1.67 1.19
Ir . K.
Ni 10.25 2 0.85 0.98 0.92 0.39
Pd 0.915 2 1.61 1.78 1.69 1.12
Pt 1.188 2 1.81 2.05 1.94 1.28
Cu 0.337 2 0.40 0.53 0.47 0.04
Ag 0.7996 1 10.43 10.04 10.26 10.87
Au 1.52 3 1.26 1.44 1.33 1.06
Zn [ 0.7618 2 0.91 10.78 10.85 [ 1.29
Cd 10.40 2 10.93 10.75 7081 10.89
Hg 0.85 2 0.53 0.72 0.66 0.61
Al [ 1.662 3 [1.08 [ 1.00 [ 1.05 [1.21
Ga 1053 3 10.15 10.05 71011 10.44
In 1034 3 10.47 10.32 10.42 1053
Tl 10.34 1 10.10 0.28 0.16 10.26
Sn 10.13 2 0.44 0.62 0.50 0.28
Pb 10.126 2 0.51 0.70 0.59 0.41
As dh. K.
Sb . A.
Bi 0.308 3 0.93 1.07 0.98 0.86
Te 10.9 2 0.13 0.26 0.22 0.29
Po dh. K.

b. FHO) 6 APodLdnd Y6 o006ty COomn¢g KOC
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HUKag ce He pacTBapajy: Mn, Re, Fe, Ru, Co, Rh, Ni, Pd, Pt, Cu, Au, Hg, Tl, Sn, Pb, Bi, Te
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5. 3 1. RCbO(ZOOt;ér),y y ¢t¢7&8—.ﬁ'@&by A5¢6] Ot ¢
] POYysynpdodyp OCO6s ObdT

Udc ydy?ynds dy necdn T s@C) yegdoT ¢y¢gtO]d ¢
AZp?O¢ OOAPYY?2YyDnO POOOZdyz Otm 6 | OLOLt O b ¢
TZOO: 00 AK6¢Zd) Ot 6 B30 Oy PAMRB?PYyn O 66t O 7T
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¢¥ T ¢nto060FT ¢06 AKCZOtzpodcdy] €OYTsttdty) o, nodg V
KZO1L 6Ydyz | OLOL O [848Y] »FE LG OEZGSPDOFO 60¢ pZOT b
aHo, wgy)] T ¢tT206p0006y)] 6 Au ¥y Cu 3LZTIntT Cdy ¢
31 y?2y 6453 GBHOHFY 14.
3600300¢ PZA?Yy pdbd | Ogtd y ObOCZOYyDnO b60¢ PZA?ypO
OZOos QOFYyBPG) , nbébp y dd OCZOMGDTHHPO & Dy 0D QA TPy b rgppd g
[139] © John Wiley and So(&X1).

Eaa{M) / eV
PG BDG NDG VG

M | Ogat PBE PBE+D2 | O¢ PBE PBE+D2 ) O¢- PBE PBE+D2 |} O¢ - PBE PBE+D2
Ni H 1144 71171 e 1218 1247 y 1140 T11.68 a 1652 16.78
Cu T 1026 1053 a 1138 1168 c 1047 T10.73 a 1363 1389
Ru H 1159 11.96 e 1244 1283 y 1192 1229 a 1830 18.66
Rh H 1143 11.80 e 1230 1267 y 1186 1222 a 1768 18.04
Pd B 11.08 T1.49 b 1158 T11.95 n 1110 1147 a 1511 15.46
Ag H 10.03 10.32 a 1090 T11.26 y 1004 710.33 a 1165 1204
Ir B 1114 T11.70 e 1216 1276 f 1169 1226 a 1892 1942
Pt B 1145 71201 b 1212 71268 d 1181 71238 a 1691 1741
Au T 1014 T10.70 a 1112 T11.69 c 1072 T11.29 a 1230 1297
(a) AZOsOCZOm?ynds hp J Oftp YO O00f¢ pZAByHD)T. pRWGARGC Y PCY B ®
OCZ6s OO gFyDPLO hd

35 ynos AR5y.) yYPO o O ¢t ZTntTZO Pt 00¢ g 0
O0FToydd 60YO y | ORTOLE @) ¢ nyxro COLEHZEOY 0, p13g]d
© John Wiley and So(&R1).
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3@(30L33t€[72lr)2t_7¢cby K6gd) Oty Ot 6 | OLDpdO6 B!
ZOKZ @0 T n gd [A3BYO JghtY WilgyGagd. So(BPR1). ]

O0FToydhd 60YO Vyty | ORVO®L m) ¢ n
M@PG ] Og@ o dy d> ds
Ni H 2.11 2.11 2.11
Cu T 2.09 2.59 2.60
Ru H 2.26 2.26 2.26
Rh H 2.29 2.29 2.29
Pd B 2.20 2.20 2.88
Ag H 3.28 3.28 3.28
Ir B 2.09 2.09 2.83
Pt B 2.11 2.11 2.87
Au T 2.35 2.84 2.84
M@VG
Ni a 1.79 1.79 1.79
Cu a 1.87 1.89 1.87
Ru a 1.91 1.91 1.91
Rh a 1.91 1.91 1.91
Pd a 1.95 1.95 1.95
Ag a 2.21 2.21 2.23
Ir a 1.91 1.91 1.91
Pt a 1.95 1.95 1.95
Au a 2.05 2.09 2.10
M@BDG
Ni e 2.13 2.12 2.12
Cu a 1.99 2.41 2.41
Ru et 2.26 2.22 2.23
Rh et 2.29 2.29 2.29
Pd b(®) 2.21 2.20 2.84
Ag a 2.24 2.71 2.71
Ir e 2.22 2.33 2.33
Pt b®) 2.19 2.10 2.81
Au a 2.17 2.76 2.76
M@NDG
Ni yH) 2.09 2.11 2.11
Cu cM 2.80 2.00 2.68
Ru yH) 2.20 2.25 2.25
Rh y(H) 2.18 2.30 2.30
Pd ne) 2.89 2.19 2.17
Ag y(H) 3.28 3.29 3.29
Ir fM 2.15 2.01 2.21
Pt d®) 2.93 2.06 2.15
Au cM 2.89 2.17 2.85

@ )] Odpd 620 | OFityo? wioeh &GP0 aH0 60 6d G grtyp i 0,  C&dB
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E/eV
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E/eV
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E/eV E/eV

Ir

-10 -8 6 4 -2 0 2 4

E/eV
Pt -
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E/eV
Au

/eV
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ny ¢ Opdynd (OER) &b 06 dpodpnd ¢tCody R6 KgZp? Od
0 b6t OdED o BHPDL ¢FT2060 0006 d?ynoO
0 WO EQ © Va0 (2)

000G K¢OoO0g¢gtdEHPO PG, VG, BDG, yty NDG. Hn€dtLnc
66 00 OO KPY DT (T @odpg¥ D6 SHE) o@pOynd ¢O
AKpt Och?ynB-€006 Y TY+lEp MM oCy ¢t Oey €86Yryn7T yvV) ORT
J OLos dbyz Ot 6 ¥ nezOYypdO OdDOZOYyNnO @OOmSO
Ot Ont Zpo by At Oy DhBE OoSHDYOKH OPTOLOLY YO ¢t T2 0
Pt SA AZynoVYOooyYEaT?» hdoBEyPHEOD®ESZO DY Ot Ont Zmod d
EvOvexc ( g Y | l r30O00BLy18T 7
3600183t dbB06Cody Ot Ont o dfk 8 HoBM@WY (0t Yexc)Y 8 ¢ 8
Tpo 6?2y ZOKCZmo 113906 Jolth Wiley ¥hd So@R1).
Eo MZ+/M@XG /V
M V4 EOMZ+/M/V
PG BDG NDG VG

Ni 2 10.25 11.62 11.24 11.63 0.92

Cu 2 0.337 11.14 10.57 1 1.04 0.54

Ru 3 0.6 10.99 10.70 10.88 1.24

Rh 3 0.76 10.56 10.27 10.42 1.52

Pd 2 0.915 10.28 10.06 10.29 1.70

Ag 1 0.7996 11.83 10.89 1182 10.11

Ir - ®O] & Ko - - - -

Pt 2 1.188 10.73 10.39 1 0.54 1.97

Au 3 1.52 0.48 0.81 0.68 1.19

6 pOynOdy €ZOYTt oty TndYFToTX 06 ¢7T, T @ABLO|
NDG y BDG ¢nt pdyny Z06¢to606€0602T dOOp |Etfgy 6ub® | ¢
] OL OtsdWo) 86n y KAt O) Odbyty | Otdosry AmATt Ag y A
DO ApnZyo6o6nF 0@ O OntZmzO)yogny KAZpYmZ doé ¢
Oty TOZOROMY T OC0sOdT o | Ogrylg Loydzn, 0 diPLyoot AhY -
®¢y)] Ag Yy Au, nmpy ydtOZOOTnT COr06tyddp ¢£t60
Cu ¢7T ¢gto0Oys dy dé O0ygopny) O0CO0dpegty)d pH, oo
COEZEOPZO ¢b6 060n06d?ynO. 3tE@O6, @6y | OLds dy SA
y &0Ydpn BHALO|LY P Y KDY dpod®LC by @FOdy Ot Ont Cps ¥t
0O om 14). 36 O0¢gAKOntod ¢toOyt chopgty, P66 20ty¢
AKZOnty» dTdtABZyQoGdsF Oy GoAGIOIRWOLERPDO dyn O Kqg
nopZpYyobhet KQEODD
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3t yno3td40yL dpgt Ni, Pd y Pt T AKpOtoOpdsd .Z 6H
¢t T2 06010CQr ¥0Rq139] ® JokthMley and So(&R1).
5. 3.A40bo oy O60¢ PZA? YD OM@K @)oo OrtyAGE OnFt o
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30600LtRDABOY DO B0¢ PZA?YDO EF¢rOpH dpdd M@VAEYV
TPod?2y CZOACZpo 113306 dolnywiley And SoRP1).
a H A AH AH AH 3 AH,
C
Ni 12.01 13.34 1 3.56 13.62 11.89 10.10
Cu 12.20 13.29 I3.83 I 3.65 12.00 10.13
Ru 1244 I 3.58 13.84 13.72 1234 10.24
Rh 1 2.65 13.30 I 3.68 I3.85 252 10.15
Pd 1 2.05 13.04 13.27 13.35 11.64 10.10
Ag 12.26 1251 13.11 13.26 I1.57 10.15
Ir 13.26 13.87 14.44 1457 13.15 10.11
Pt 12.44 13.72 14.13 14.19 12.26 10.11
Au 13.25 14.34 1493 1 4.56 1276 10.27
N
Ni 1250 13.00 12.70 10.73
Cu 1242 1279 12.68 10.96
Ru 12.36 1271 12.85 11.34
Rh 1224 1263 1 3.00 10.76
Pd 11.94 251 1235 10.66
Ag 11.26 11.88 12.49 10.92
Ir 12.99 13.37 1 3.64 10.72
Pt 1273 13.36 1279 10.46
Au 13.72 13.70 13.52 1152
o)
Ni 1 4.46 13.75 10.36
Cu 13.84 13.43 10.52
Ru I3.85 I3.83 10.79
Rh 13.97 13.91 10.40
Pd 13.92 13.34 10.32
Ag 1297 13.28 10.50
Ir 14.90 1 4.49 10.27
Pt 14.75 I 3.65 10.19
Au 14.89 14.14 10.48
S
Ni 13.78 1291 10.62
Cu 1 3.46 13.01 10.73
Ru 13.27 13.09 11.09
Rh 13.34 13.30 10.76
Pd 1 3.46 1281 10.45
Ag 13.00 1287 10.74
Ir 14.10 1 3.84 10.83
Pt 14.28 13.21 10.72
Au 14.62 13.74 11.12
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3800LBCAQDPELY ¢LETNLTCdy 7 ABOE LG 836 =5 oy
M@VG ] po Ot T SAC. 060tobcdynO BOPIBDRBO? KO C¢
COKZ

@O T n, pd [A3BJO JghiY Wilgyagd SofP1). )

) ORTOLm ¢nw Zo¢gtpondo O |/
H C CH CH; CHs CH/,
M GM M-H G-M M1 G-M M-i T-H G-M M-I T-H G-M M-I T-H G-M M-H; Hs;-T T-H

Ni 182 155/1.83 1.73|1.84 1.73 1.11|1.81 1.76 1.10|1.92 196 1.10|/1.80 2.34 1.11 1.10
Cu 1.88 152|187 1.71|1.88 1.69 1.10| 1.90 1.81 1.10|1.88 1.95 1.10|1.88 2.14 1.11 1.10
Ru 191 169|196 1.81|1.95 184 1.11|1.92 2.02 1.10| 1.92 2.10 1.10| 1.92 2.07 1.12 1.10
Rh 190 1.68| 195 1.87| 193 1.97 1.10| 191 2.03 1.10{ 1.91 2.09 1.10| 1.95 2.80 1.11 1.10
Pd 195 167|198 189|196 191 111|196 1.95 1.10|1.96 2.14 1.10| 1.96 2,51 1.11 1.10
Ag 212 1.67|2.13 1.95|212 2.00 1.10| 2.13 2.06 1.10| 2.23 2.15 1.10| 2.21 2.15 1.11 1.10
Ir 192 168|195 1.88|1.94 194 1.09| 1.93 2.02 1.10| 1.92 2.09 1.10| 1.91 259 1.11 1.10
Pt 198 1.70] 1.99 1.90| 1.99 1.88 1.10| 1.97 1.94 110|198 2.12 1.10| 1.92 230 1.11 1.10
Au 2.06 1.64|2.05 1.80|2.05 1.78 1.10| 2.10 1.92 1.10| 2.07 2.10 1.10| 2.08 2.40 1.11 1.10

N NH NH> NH 3
GM M-I G-M M- T-H G-M M- i-H G-M M- i-H
Ni 182 158|1.81 1.67 1.03|1.83 1.82 1.02| 1.83 2.15 1.03
Cu 1.87 1.64] 191 1.67 1.02| 1.94 1.81 1.02| 1.94 2.08 1.02
Ru 194 1.89/ 194 192 1.04| 192 2.02 1.03] 1.92 2.23 1.03
Rh 192 196|192 195 104|191 2.00 1.03| 1.93 2.30 1.02
Pd 198 1.71|1.96 184 1.04| 198 2.00 1.02| 1.99 2.37 1.02
Ag 2.06 1.83| 2.10 1.88 1.03| 2.10 2.01 1.02| 2.22 2.28 1.02
Ir 196 1.79/ 194 1.85 1.03| 1.93 1.98 1.03| 1.94 2.29 1.03
Pt 198 1.83|1.97 1.85 1.03| 2.00 2.00 1.02| 1.99 2.43 1.02
Au 2.03 1.75|2.05 180 1.02| 2.04 196 1.02| 1.98 2.21 1.03
@) OH OH:
GM M-I G-M M- T-H G-M M- 1i-H
Ni 1.81 1.63|1.83 1.78 0.98| 1.81 2.23 0.98
Cu 190 1.67|1.93 1.76 0.97| 1.90 2.16 0.98
Ru 195 1841192 1.99 0.98| 1.92 2.26 0.98
Rh 194 1.79|1.91 197 0.98| 1.92 2.44 0.98
Pd 195 1.78| 1.97 1.99 0.98| 1.97 2.51 0.98
Ag 2.09 1.89| 2.10 2.02 0.98| 2.22 2.39 0.98
Ir 194 1791192 1.96 0.98| 1.93 2.55 0.98
Pt 197 1.81|1.99 2.00 0.98| 1.95 2.95 0.98
Au 205 1.81| 2.03 198 0.98| 2.02 2.47 0.98
S SH SH
GM M-I G-M M- T-H G-M M-T i-H
Ni 1.81 1.99|1.83 2.16 1.36| 1.81 2.38 1.36
Cu 192 2.02|1.90 2.15 1.36| 1.93 2.30 1.36
Ru 194 220|193 2.32 1.36| 1.92 241 1.36
Rh 193 2.16|1.92 2.31 1.36| 1.94 2.48 1.36
Pd 196 2.14|1.98 2.33 1.36| 1.97 2.64 1.36
Ag 211 2.21| 212 233 1.36| 2.35 2.47 1.36
Ir 193 216|192 2.30 1.36| 1.95 2.46 1.36
Pt 197 2.15|1.99 2.32 1.36| 2.00 2.53 1.36
Au 2.06 2.15| 2.05 2.29 1.36| 2.00 2.41 1.36
00YTnO ¢O YO O0tg 1) OL6t06 KAZOng O o pdynd (H _ . .
GM3bdonZ6esO €O6¢gtponbdoO yVY) ORT &t 6 7ObOdynd OC6sOdgnC
R6 ¢ygtO) O ¢6 B8yBO 6t 6 08 gt gInG, OGOBEBs o O & ddhygn ® OGP
] 6006 @oé 0.01
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O3t ZT Nt TZhy KA6C0) ORI ZAHE PCAR?Fp O, H1Y
3 t (il39] ® JokthO\§ley and So(&®1).

<

E 4 (A)/eV E,q (A)/ eV
-7 % 5 4 3 2 7 -6 5 -4 3 2
T T T T T T T T T T T T
vRu wRh v;l'wﬂgd wag 10 wRu "!}!‘1 - vp‘.:n vag 0
wir Pt wNi Ja F  wir wNi 1
A
A
A 4 2
Ak A A a A " a A %
A Aa  m A3 A A A A~
s ® . = -
Be <
- -4 M 44 =
] ° —fel L e K
- '. ° .. 5
° iy
[ m CH *nm m CH
e cH,|® T e CH,|*
4 CH; | . NDG A CH; | 5
L] PG v CH, - v CH,
4 5 L 1 1 8
d b -4 3 7 -6 5 -4 3 2
| g1 vR®h pa T WCu VAg 1 7 vA PR dyAg T 0
wPt  wNi v ’ 14
A A
A A 4 2 ‘k‘ 42
A A Ay >
ATy A v
: 3 A 43 =
A . e [ =
u : s 4 .l‘ 1. 5:
® o8 -
hd S 5 . |
L ] s CH m CH
o ® CH,|* e CcH, "
[ ] A CH, 1. | A CH, 1,
BDG v CH, VG v cH,
1 1 1 1 1 ﬂq 1 L L 'l I 1 '8
35 yno G667y 00 ¢ndEg CEWEHYXE ART 2, 3, 4)
SACTZOTY Ot (139 ®& Jokth\sley and Sof&R1).
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E,i (A)/ eV E,q (A)/ eV
7 % 5 4 K 2 7 -6 5 4 3 2
T T T T T T T T . T T r
r Ag 10 r Ga wAg 1°
YRu  wRh vk YAs wRu wRh vEn wis
) o vPd
r vir v wNi 1a L wir P 14
A
L A A q2 F a A {2
A — A A a4 A >
A A A i
I A AaA m 43 . 173
[ ] * [ ] ™ =+
Be =
L = 44 F . . -9 14 =
2
° ° el ’ s 3
L R - 1s k - . 1s
n » = CH *n m CH
I e cH,|® T e CH, "
A CH, A CH,
i 17 T NDG 47
. PG v CH, . v CH,
. . . . . L : : . . . P
7 iy -5 -4 3 -2 -7 6 5 4 3 -2
: : T T T T T r ' T ! T
L 40 o 0
vir VR®h pq TA¥Cu TAZ wAT PR dyAg
L WPt WNi T 1, 1 1,
A A
A A
r A A 12T A R
at A R o 2
r 4 $ 1° r A 13 3
A . g B 3
. 2% z
L L | 14 Ja4 =
[ ¥ B
L .
L g = 1s } n 45
] m CH m CH
. e CH,|1® [ e CH,7*
[ ] A CH, ; A CH, |
BDG v CH, VG v cH,

¢ 1, 6Bud
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0O ¢ EAN)EEHD) K5 YL ORE
39| ® JokthO\sley an8ong2@1).

Ey (A)/ eV E,q (A)/ eV
% 5 -4 3 2 6 5 -4 3 -2
T T . g 00 r : . "oh 00
®Au .;“S
L 405 {05
ORu G erd ®Ru "®h opy
F LT dao | ot Jae
olr olr
[ 113 F 415
F 420 } 120
- PG Jas | NDG 1as
| |
F J430 430
[
[ ] [ ]
L 435 | ] 435
] ] . 5
[
B L] 40 r - ] <40
" OH m OH
» n =
r [ ] L ® OH, 445 | ® OH, 445
. . - 5.0 1 L L 1 50
6 -5 -4 3 =2 6 5 4 3 2
T T T T 0.0 T T an T T 0.0
[ ] .
L Rk wﬁ .A_ 45 .Au.NI ".gu oy Jos
P ®Ru
- el ®Ru T ecu {10 | 10
L hak {as t Jas
- 420 L +1-20
B 125 } 125
"
F 130 } vG 4 -30
- n
L BDG ™ das L L las
. " "
B " 140 L 440
= OH L m OH
F = L ® OH, {45 " ® OH, -5
. 5.0 L 50



E 4 (A)/ eV E,q (A)/ eV
o 4as F ®Ru o 1,5 X
) - [ ] 25 2:55
. PG a 14w | npG . {30 &
™ f.- 3.5 L] 3.5
- L] ® SH J40 | : " m SH .40
.Ag- 05 .p.|" ‘Ni::;h.AS 4-05
#Ru ®Adrd ] ._ I ®Au ®Ru 1 '—
®Rh oCu 4-15 | 4-15 %
O 420 | 420>
olr - E’
BDG s 125 | VG . 425 :?:
) R o, |
35 ynodt BWB2ynO ¢noBEyg GEAMBH)K¥] ORT 2, 3, 4) Y6
SACTZOTY Ot gil39] ® JokthMgley and Sofz®1).

66 Oy ¢O KAKptdgoytd @ABtS S0OYS yY) ORT Ot Onld
SA b6 €ZO6Ysy2yty) dpgd?y) 06, AZPoOZOd nO bppB noO
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