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Abstract: As the recent climate problems are getting worse year after year, the demands for clean energy materials have highly

increased in modern society. However, the candidate material classes for clean energy expand rapidly and the outcomes are too

complex to be interpreted at laboratory scale (e.g., multicomponent materials). In order to overcome these issues, the first-

principles calculations are becoming attractive in the field of material science. The calculations can be performed rapidly using

virtual environments without physical limitations in a vast candidate pool, and theory can address the origin of activity through

the calculations of electronic structure of materials, even if the structure of material is too complex. Therefore, in terms of the

latest trends, we report academic progress related to the first-principles calculations for design of efficient electrocatalysts. The

basic background for theory and specific research examples are reported together with the perspective on the design of novel

materials using first-principles calculations.
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Fig. 1. Annual distribution of the number of papers including the
words of simulation and DFT (The result obtained by searching DFT
and simulation as keywords at Web of Science, www.webofscience.com).
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B A32Ye S5 AR N, S 2R 248X Y
Algeol, AxtaAUe] ax) olshet chepgt B2lte
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2.1 CHE (computational hydrogen electrode)

2y

25 B3l5) Aot 24 S WA BR UHS, Aa
9} 248 0] 3) ALiA S WAISHE ARAA, 0] & BE
eAZtAS Te Qofdt M RALES WAl gk o
AL} oA & A A 7| sket S0) &
Aolck [8.9]. & 44} w5 A7|8st 92 o] gk &
A2 g2 ouix 282 2HE o APYoRRE
A7} Ry 2 gick shIvk A 7|stet g2 HEH ©
@02 Aol AR o] 2olut Hate) olF, A3
ol FFSIAE MY 5 FAMO] Uit o] F & o BHA

o g ofsfjstlAt M4tslst FofofA= computational
hydrogen electrode (CHE) 2 2-& &85 A7} X1y
g3 9ict[10,11].

CHE 222 Ngrskovel &g d-L%1&0] 7dsto]
7] Fuf Aol 7Hg ] geAl 2Hloltt [10]. & =
0] 7H sialo] Bl = 7Y 2 28 9] ¢/d RH(proton)
oF =9 A AHelectron)= 7|AI3] 440} vhg HE S
o FthE 7HdolH, olhje] JHIE oA a4 BE A
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2 4 ek A (D)

H* (aq) + e +2:H, () (1
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Fig. 2. (a) Schematic diagram for hydrogen evolution reaction and oxygen evolution (Each reverse reaction is identical with hydrogen oxidation
reaction and oxygen reduction reaction, respectively), (b) trends in oxygen reduction activity, plotted as a function of the oxygen binding
energy, showing volcano shape between activity and binding strength (Reprinted from ref. [10], Copyright © 2004 American Chemical
Society), (c) linear scaling relationship (AGoon* = AGon+ + 3.2) for OOH* and OH* for various materials (Reprinted from ref. [14], Copyright
© 2018 American Chemical Society), and (d) schematic diagram for d-band theory showing chemical bonding of adsorbates and metal surface
(An original work on this scheme by Nerskov and coworkers can be seen in ref. [18]).
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Fig. 3. (a) Graphical representation of SA-anchored transition metal dichalcogenides (SA@MXz), (b) possible elements for 1,008 combinations
of SA@MX. complexes, and (c) accelerated computational screening strategy for the design of superior OER/ORR electrocatalysts based on
the prescreening factor (Fs) (Reprinted from ref [22], Copyright © 2021 Royal Society of Chemistry).
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710 1] 8401 ZHo A W2 FAS 7Hnh Eot O 4 28 4K gARIY Aute] & Ale-d Aol

oA Bol= A ALd AL ohdet w2 at o

A LA Pto] of2] BiY 2 RASHE 1L 2% Pt-N,C, vi 3.3 HIZAZ] Ak 7|u Ol S8t =589
FolM 7 £2 HER 4d50] Eolth= 712 vt & AT

ol= AAY Pt-N.Co= 2 A AUA (52 4t AH

ANUR], AGy.)7F 719] 00]] 7H7k] HERO] € ojits= ¥H-3-9] X187 oA AFYQI A4S Aats}y] ol el =
27 Aol A9 0ol 7gtt. 7tz A AV =Y 2 ®y|stetute o g 29 Bajstct 5hx] 0 OFRO] 7S
2 BoltzTraP T2 138 0] 83 ZAISHYE 11, ThFst A ARo g 2wt Ly AA 2 26 v 582 Ux
A BN PENCoot Pt SEIAEZE EA0IE & o, o] 5 F85p] ¢af A4 @A Atetol 2] &(Ir0,)
Aol 7Hg /ol £2 de A7 =g AG,. o A 1} At =8 5 (Ru0,)S AME-5LT QAT did 242
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(a)

i

Pt-N;: AG,.= 1.55

H +e

---- GT-Fe,Co,

= .

PY(111)
=Pty

—mms PI-C,
-—— PN,
—-PtN,

Energy (eV)

Pt-N,C,: AG- = 0.44

Pt-Ng: AGy =-0.95

=0

Pt-N,C,: AG- = 0.04

<)

Pt-N,C,: AG,- =-0.82

Pt-N,C,": AG,. = 0.65

PLN,C,: AGy=—075

3

PEN,C;: AGy. =—0.60

o2

Pt-Cy: AGy =0.09

Wavevector

Energy (eV)

Wavevector

Energy (meV)

Wavevector

Fig. 4. (a) The atomic structures of Pt~N,C, (n+m=4 or 3) on graphene surface with the values of 4Gy, (in eV) (The active sites for n+m=4
are C close to Pt/N, while Pt is a co-active site for n< 3. The active sites for n+m=3 are Pt. NoC>’ indicates a configurational isomer of N2Ca.
C, yellow; N, blue; Pt, purple; H, cyan), (b) hydrogen-adsorption free energies (4Gy,) of selected active sites on a GT surface, including key
sites with near-zero free energies (that is, |AGy. [<0.2 eV), which are smaller in magnitude than that of a Pt(111) surface (continuous/dotted
lines denote highly/scarcely populated sites), and (c) geometry and band structures of hydrogen absorbed on Pt—N>Cz, Pt(111) and Pt-N2C>
with Pt(111) (Reprinted from ref. [23], Copyright © 2018 Springer Nature).
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