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First-principles design of hydrogen energy materials from quantum modeling of
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In order to establish materials technology to utilize h{drogen as an energy
medium, it is important to understand the behavior of hydrogen atoms in materials and to reflect it
in materials design. In this study, we developed a numerical framework to predict the characteristic
behavior of hydrogen atoms due to nuclear quantum effects while reducing the computational cost.
This method enables us to systematically analyze the free-energy profiles for the diffusion and
reaction processes of hydrogen in solids. As a result, the kinetic and thermodynamic properties of

hydrogen and its isotopes in a typical model of hydrogen permeable/barrier materials were
determined.



X C—19,. F—19—1, Z—19 (58)

1. WFZERRME L IO 5

T, BRI TR VX —E~OEHOEE D P OEAEEZ RO R VX1 - BAEDE
KELTCHATAEZOOBFMANER SN TWA., %% T, METLESE T, ENAT
KRR - WS I OVREHE M2 O K BRI BT O W ST & 3 K D 7= 8 DWFIEBHFE B3R AT T
NTWD. ZhBOKBHAFIICRBNTIE, fxOkFBr gL X—E (B1H, KEWE - {7
A, B, AR - B NICBIT A KFERFOFEE mEICHET S Z EARD 5
BN, KFZBOK I  BEIEHRIIENS OMWREAZ IO DEERKR T L2570, MEHNDKFED
BRI ER (B2 13035, L, (mAT, WEREE) OSEEREA SRS ER T A = LIk EICRT B
BRI R HIE AN 2 S+ % ECARARTH 5.

ZD—J7, MEMOKFEOEB 2 EEICHR - BIET 52 L IFBETLRES TIERL, 20
FERIZ DWW T S TV W 23 2. IR & B 2 72 K B HIE S I B3 2
MBIBAF 2 HEME T 21224872 5 T, KEOMBINICE T AR BV ARF - EF L~ULTTH - BR
T B 0DT Fa—F &L L, MOEMERE D PRARE 2 B & 1TSS D R A S
HILENUETHDLEEZD. KEOXKBCEB W TIFEAEOBRBEHICER T EFOH X (B
2, BERR 2R IRE = %L F—YENL, b R VRSE) NEIRU ECTHER X A WEEE KITT
7o, flix DKRFEZ RN —MEHIEB T HKEBOKIGF X T 4 7 A& @YNZFHNT 5 72 D121%
WSRO D Z ERRERWD. ZNET, BIAEOETFRICER LR T - o1
FEENTT D HFIERITEICS FRRROERD OB TRE L TEX 720, KFE R LX—kE
FATx UGl AR S = BB TIE A 2. Uk, SEMEHT RGBS, 2R
THERINAT-O, BrHB TR FICE S B3R 2 BEEMICETT 5 2 L N HEE
Thol-Z &It kb,

2. Mo E®

ARFZETIE, B O KERIEA O &AL D 72 OB T ICE BT 5 720, BT o &1
NFANCH R T D ARFOR R Eh %, R CTRIMICEEFMET 27200 & TmINET Y >
TEERET D, ZHICXY, G8ROKBTRVX—MEOBAET VBT 5 KFEOWAE,
AR, JEER, KBRS OSOGEBRRIC BT 2 3 A S8 15 LU, KBFA O R THIIE D EV 3y
HMBHNC G- 2 DB ZHMICT 5. 52X, BONTWELT — X 23 & LizKFEER - Wk
FEDFRET VEMEET D 2 LT, YRR EO-O0ORGHE 215 5.

3. WFFED ik

KRBT R AX—MEHI RICEEF, ZIRAETHER SN D0, BfmCB et hFick
S BT 2 F0FEFEITTDHZ LIRS TiERy. BHEE O OBHEE L CX=HITOMT
Tk G JFHEREREE) IREREORIE L ETREHEAZEREE L TR, KL E T
DO OBEFRNREZEREEICRY ANDZENTEHH00, ARHERZVELT S, fHx
DOMEHZX T 2 RMIVENT A 7 )V — =0 TR BT 572121, @FBMEHZBT 28T
Ty VB AR EE CHE LM TES 2L, O)YEMBNOEFRIREEE LI KZEDORD
BNZEUNCFEIR TE D 2 &, (OMBINKREOKSFIBEE 1 L~V D ZE[] - R A 77— /LT
MHCTE2 2L, ZFEFICHE LTEBIEET U v 7 OMMAEZEET DLER S S.
AWFFEIE, (1)KFBT RV MBI T 2 EREE - SR BE FmMNTET U > 7 FIEOREE,
QYKFEZFNFX—FEFROKEZDOIG « BEBEEO X T 4 7 ADOfRH, Q)F —JFRET — X
S U7k FEEE - WOEMERED THIE T L ORESE, O3S0 7 = — A TEMETH.

(1) KBV —MEHCRTT 2 EREE - @R BT mitT U v 7 FEOREE

iR @), GIWZBIL Tk, HRFEEZER LIV T « 4 X2 M TFEOEE BIO T&
FRET Y VS REOEMRIL] #EHRTHZ LT, BFHRICHKT D AKFBORE %85
WD 2h= L FLib 2. ()P L T, JRFEBORFH X & — /L TIIfied THILZ L ¢
SRV YNEE KRS S EE R FREE AT 27200 HFENTE (Thbb, L
T AR MENTRE) ZIEAT L DI, YEHTEOBEMIZERYMEI. 2Ly, #E
ORI KFORIE - BEREFEICBET 5 A B 3L X —ME 2 Sk E O m 2RISR 5
720 THE—FELT « A2 M) 2R8I 5. 2k v, dFEAROEKBEZEKD >,
FPEFR O 28k 72 KB OGS « BERBRICE T2 BB : X —HE 2 G RIEE F CriMiid 5.

(2) KFZFNF—=MEHHDOKRFZDIE « BENEFED X 3T 1 7 2D
WELLEFEZEA LT, KB XLF MBI 2 TERET VESROMEIREICZE
DK 1 DR - W R K UM EHNERA~ORA - JEEOBIRIC B 5 H BT Rf /L —HE
ARG L, KR - s RE 2 S 5 R T OFEM A ST 5. S HITiE, i
BIZXT D E@IeHE LT OTHORELP LI L, KBRS - BEMWER LOFER L2 oW
TV A=Al 5.



(3) H—JRET — XIS L 7o KB - WIEMERE D T HIE 7 /L O£

KFTRNNX—MEHIB I 2 KBHBERFFEZ TR T57-00BBET VEMET D, KFEE
WL, KEOMEI~D TR EMEITRO THEH) OFERGHOETEREDL I LD, IR
BT B KFORMRE L I s E BT 2 720 OF T V& G5 L @B IRIE BRI -
WCERILT D, 22T, B ek T 2OE LR DETAVNO/RT A —21F, (1)EQ)ITHE
SNTE—FEAEST 5.

SARKEIENT T D AR BIRMEE X, (KRE CIX— Ry —VL Y | (Fb b, e oKkE
TR EE NS 2 B D EARKFE DR OEITEH]) IZH/EH b DD, miEE CIIKER 1M
O EAEREE D EBEO 12 DI THNELEL T 5. AWFTETIE, SR~ KFEIEMED B BT %
X =72 5 NI E OKRIBIEERFIEZ RN 95 Z & T, BRIV CIERIEN R
RAHBENZ LT O T KERMHANEHOZROFEMEZI ST 5.

4. WFFERR R

KREFIHEANT O BEL D720 OFFFEHBICETMRT 5720, R ORI RICHKT HKFE
DOFF R 8 % TR EBICHHT 272 0 0B FHmNTT Y U 7HEEHBE L. Zhic
L0, BEREOKEZTRILF—MEOIMET VBT HKEOK G - BELBROF 2T 4 7
AT DA R L, KBHEORETMIEL BN YEMENC S 2 2 EBEHMEIC L. 2
NETIZ, LAFICET 23R8I0 MA R 2157

(1) KB X—MEHCKTT 2 @RS - @R B TmitT U o 7 FEOREEE

O  KFEFEE - WA OALR TH 5 /37 D7 A ARSI, B REFEICE S R TALE &
RO XN —OXIGERE T — 2 X—2fbL, ThEAT=a—TF /1 Fxy NU—7|T%
HEGFRFEIRT v b BRFERT v L) 2R L. 2ok, ErkeE
HAEOREZHERRE LR O/ER I bEBIRIC T VT LA OKFBFRNARO ILERE % &
BRMET 2 Z LIk Lz, 51, st A hOEWREREOFEEZNRE - e 280
T, BTEWIED Y 7 o T RER Y, EENRE N RICHEEE T T2

@  KEBOVER - PG N EER I N D2 ORI &R %2580, EIREERE T — 21
HEASWTHM A ERT v VAR L=, ZHIC XY, BRIREF B ORE 24 L e n
DIER LV b EHRICY AR T OKFRNAROILBURE 2 E&HI T 5 Z LI L7e.

@ KFBFRAEEO B NIEDIRENVREEIC 5 2 2 WL R N3 5 72 OB B o He i il 7 o
FI T AVIab—varPFEAEREL, BN RE N RIIHREE T2, S5, %%
TR U TR R T vy VEBHT 5 2 & C, KRBREMEIO A & L CHEE
RRT VT NERRIZ, NT VT AHIKFEOIEBMERELA X7 MV E ERMICFHMET S Z
LT PI LT,

(2) KFBZ=FNX—MEHOKFEOKE - BENATEO X 1T 1 7 A DfiRH]
BRELUEFIEZEHLT, KBV —MEHIBT 2 EERET LVEEROMEIREIZE

VB IKRFE G- OFREE - WE BRI K OB EHNER~ DR A - BRI BT 5 B B = 3L ¥ —Hijf

B R BRI REA U, KFEEE - WM RE &2 k5 N T O A 5 L=, Bz, U

TOMEIZHEY AT,

O  EHAKEFZEE B EIO—>TéH % B2 B PACu &4 & X510, KFEOILHEL - FifEERIC
BT =3 X —ME 25— FEAICEME L, KFBFEMEREZ EET DR (BFiZ PAdCu &
BIZBIT LT TV A MRT, ZEILEONKMGE) OFFMAE#E L. FxiX, HEFEERD
72 B2 A PACu A4 128\ T, Cu ZZALICHERL L7 R FELE 2 R o8 LW & A 7 O R BEA IR
MNAERT 2 “double defect” HEHEZFRZ L, Cu ZZFL & double defect D X7 H35 S7 7 K S48
PA bELUTEFER, KEEBEENE LK TTLZ 2RV L. &512, B2 PdCu
A& BT 5 Pd 224, Cu Z24L, double defect DIEREIC KIFT/KFEDOHEZBH LN LT,
AWFFEIZ L0 F oL, Pd REOKFEFZENEZ LET 287Xz FET 280
AR &7 D,

@ KBUEEHHEIZENDI AN L ENRIC, NPTV AT OKBRNROEILER L O
ZEHA~D T v AT AEHET R VX —HIEEZ AT 5 2 & T, KEOEMIRGE & Jrik
HBRESEOETHBEHOMNILE. AT, 2o RE T A—2 L LCEMH L1
EBUTANBIRNTICE YD, KFRE & AR E KT LI KBIERRER O 7T L= 27 'n
v FETFRIT L Z EICKTI LT,

() H LT — Z LW L7k EE - WIRPERED T HIE 7L OREEE

KSR « WA O MRR Th 2 5 5 IRE IR &2 BT, KFEFEiE - W2tk 5729
DEIE T N OREE L FH—FET — 2 02D 7. AT, [URRIEIZEB T 2 KEO(LFER
TV NEET LT DI LT, BE - KRBEITKAF UK 2 3 L7z

PLEDORRR 2 U T, WL TEPME R OKRFRMEICR L CEWTRIE 2 RS2 L %
wLTE.



13 12 2 2

Motoyuki Shiga, Bo Thomsen, Hajime Kimizuka 109

Inelastic neutron scattering of hydrogen in palladium studied by semiclassical dynamics 2024

Physical Review B 054303-1-12
DOI

10.1103/PhysRevB.109.054303

Akihiro Mitsuhara, Hiroshi Yukawa, Hajime Kimizuka 48

Interplay of hydrogen and point defects in B2-type PdCu: A density functional theory study 2023

International Journal of Hydrogen Energy

35997-36009

DOl

10.1016/j - ijhydene.2023.06.001

Hyukjoon Kwon, Motoyuki Shiga, Hajime Kimizuka, Takuji Oda 247
Accurate description of hydrogen diffusivity in bcc metals using machine-learning moment tensor 2023
potentials and path-integral methods
Acta Materialia 118739-1-11

DOl
10.1016/j .actamat.2023.118739

s s 25

PIMD 2023
303-310

DOl




86

B2 Pd-Cu . . Cu 2022
140-148

DOl

10.2320/j instmet.J2022012

Hajime Kimizuka, Bo Thomsen, Motoyuki Shiga 4

Artificial neural network-based path integral simulations of hydrogen isotope diffusion in 2022

palladium

Journal of Physics: Energy 034004-1-13
DOl

10.1088/2515-7655/ac7e6b

Motoyuki Shiga 43

Path Integral Brownian Chain Molecular Dynamics: A Simple Approximation of Quantum Vibrational 2022

Dynamics

Journal of Computational Chemistry 1864-1879
DOl

10.1002/jcc.26989

Bo Thomsen, Motoyuki Shiga 24

Structure of Liquid and Aqueous Water Isotopologues at Ambient Temperature from ab initio Path 2022

Integral Simulations

Physical Chemistry Chemical Physics

10851-10859

DOl
10.1039/D2CP00499B




H. Kimizuka, M. Shiga 5

Two distinct non-Arrhenius behaviors of hydrogen diffusivities in fcc aluminum, silver, and 2021
copper determined by ab initio path integral simulations

Physical Review Materials 065406-1-9

DOl
10.1103/PhysRevMaterials.5.065406

D. Akazawa, T. Sasaki, M. Nagasaka, M. Shiga 156

X-ray absorption spectra of aqueous cellobiose: Experiment and theory 2022

Journal of Chemical Physics 044202-1-7
DOI

10.1063/5.0078963

B. Thomsen, M. Shiga 115

Ab initio study of nuclear quantum effects on sub- and supercritical water 2021

Journal of Chemical Physics 194107-1-11
DOI

10.1063/5.0071857

A. Pal, S. Pal, S. Verma, M. Shiga, N. N. Nair 42

Mean force based temperature accelerated sliced sampling: Efficient reconstruction of high 2021
dimensional free energy landscapes

Journal of Computational Chemistry 1996-2003

DOl
10.1002/jcc.26727




K. Kobayashi, Y. Nagai, M. ltakura, M. Shiga 155

Self-learning hybrid Monte Carlo method for isothermal-isobaric ensemble: Application to liquid 2021
silica

Journal of Chemical Physics 034106-1-9

DOl
10.1063/5.0055341

20 1 4

2023 1 A-TSO01-15

2023

2023

H. Kimizuka, B. Thomsen, M. Shiga

Nuclear quantum effects on hydrogen-isotope diffusion in vanadium and palladium: A path-integral molecular dynamics study

The 11th Pacific Rim International Congress on Advanced Materials and Processing (PRICM11)

2023




A. Mitsuhara, H. Yukawa, H. Kimizuka

Effects of point defects on hydrogen diffusivity in B2-type PdCu alloys: A Kkinetic Monte Carlo study

The 11th Pacific Rim International Congress on Advanced Materials and Processing (PRICM11)

2023

H. Yukawa, T. Kuniyuki, A. Mitsuhara, H. Kimizuka

Effects of heat treatment in hydrogen environment on hydrogen permeability of Pd-40mass%Cu alloy membrane

The 11th Pacific Rim International Congress on Advanced Materials and Processing (PRICM11)

2023

33 TOKAI

2023

2023

2023




Pd/v/Pd

2023

2023

B2 PdCu

2023

H. Kimizuka, M. S. Kim, B. Thomsen, M. Shiga

Isotope effect on quantum diffusion of interstitial hydrogen in bcc vanadium and fcc palladium

16th International Workshop on Hydrogen Isotopes in Fusion Reactor Materials (HWS-16)

2022

B2 PdCu

2023

2023




B2 PdCu Cu

32 TOKAI

2022

Pd/v

32 TOKAI

2022

Pd/v

2022

2022

Pd-Cu

2022

2022




2022
Pd-Cu Cu
2022
2022
PdCu
31 TOKAI
2021
pd-v
31 TOKAI

2021




PdCu

2021

2021

2022

216

(Shiga Motoyuki)

(40370407)

(82110)

(Yukawa Hiroshi)

(13901)







