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Rational Design of Graphdiyne-based Atomic Electrocatalysts:
DFT and Self-validated Machine Learning
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Hong Kong SAR 999077, China)

Abstract  Although atomic catalysts(ACs) have attracted intensive attention in recent years , the current progress of
this area is limited by the use of noble metal as well as single atomic catalysts (SACs). Here, we summarize the
recent works in screening highly-efficient graphdiyne-ACs(GDY-ACs) with the utilization of density functional theory
(DFT) calculations and machine learning(ML). Our studies showed that the Pd, Co, Pt and Hg could form stable
zero-valence transition metal-GDY (TM-GDY) , whereas the lanthanide-TM DAC (Ln-TM DAC) systems were
also demonstrated as the promising electrocatalyst candidates because of their long-range site-to-site f-d orbital inter-
actions. The further analysis revealed that the combination of main group elements with TM and Ln metals can
achieve high stable GDY-DAC and preserve the high electroactivity due to the long-range p-orbital coupling, while
the role of the s- and p-orbitals was studied via ML algorithm. In addition, the DFT calculation and ML techniques
also showed great potential in screening possible GDY-based ACs with excellent hydrogen evolution reaction (HER)
performances, and the potential of rare-earth-based GDY-ACs for HER has been predicted for the first time. This
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review has supplied an advanced strategy for future exploration of atomic catalyst.
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Fig.1 Redox energy diagrams, zero-valence anchoring ability and mapping of the electron
transfer ability of metal on GDY"™
(A—C) Summary of redox of 3d, 4d and 5d TMs; (D) the dependence of anchoring ability of TMs on d-electrons; (E) the
mapping of zero-valence anchoring ability of TMs in periodic tables; (F) the decomposition of the mapping into oxidation ;
(G) the decomposition of the mapping into reduction reactions; (H) the mapping of the electron transfer ability of metal on
GDY; (I) the mapping of the electron transfer stability on GDY.
Copyright 2019, Elsevier.
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Fig.2 Mapping of formation energy, stabilization energy, anchoring energy and d, f-band
center energy of GDY-based DACs'®"

(A) The mappings of the formation energy for second metal of all the GDY-based DACs; (B) the mapping of stabilization
energy for second metal of all the GDY-based DACs; (C) the mapping of anchoring energy for second metal of all the
GDY-based DACs; (D) the mappings of the energy difference between the hetero-coupling DACs and homo-coupling
DACs; (E) the mapping of d-band centers for all the combinations of GDY-based DACs; (F) the mapping of d-band center
difference for all the combinations of GDY-based DACs which is obtained by the d-band center comparison between the
DAC and the SAC of the left column metals; (G) the mapping of f-band for all the Ln-based DACs; (H) the mapping of
Jf-band center difference for all the Ln-Ln-based DACs; (1) the mapping of f/d band center difference.

Copyright 2021, Wiley-VCH.
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Fig. 3 Formation energies and band center mapping of GDY-based DACs'®!
(A) The formation energies of GDY-based DACs by combinations of AAEM and Ln metals; (B) the formation energies of
GDY-based DACs by combinations of post-TMs and Ln metals; (C) the formation energies of GDY-based DACs by combina-
tions of metalloid and Ln metals; (D) the formation energy mapping of all the combinations for TMs, Ln metals, AAEM,
post-TMs, and metalloid elements; (E) the formation energy comparison between hetero- alkaline/alkaline earth, post-TMs,
and metalloids based GDY-DACs and homo-TM DACs; (F) the formation energy comparison between hetero- and homo-
alkaline/alkaline earth, post-TMs, and metalloids based GDY-DACs; (G) the formation energy comparison between hetero-
alkaline/alkaline earth, post-TMs, and metalloids based GDY-DACs and TM-based GDY-SACs; (H) the p-band center of
alkyl chain in the alkaline/alkaline earth, post-TMs, and metalloids based GDY-DACs; (1) the p-band center of alkyl chain
in the post-TMs based GDY-DACs; (J) the p-band center of alkyl chain in the metalloid based GDY-DACs.
Copyright 2021, Wiley-VCH.
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HL PR . X ot e S 8 5 Mt ] L 2 V8 0 Post-TM TG T8 5], (Hil oA e i 72
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Fig. 4 Orbital coupling of GDY-based DA Cs'™!

(A) The p-band center difference between alkaline/alkaline earth metals and all the elements in the GDY-DACs; (B) the p-band

center difference between post-TMs and all the elements in the GDY-DACs; (C) the p-band center difference between metalloids

and all the elements in the GDY-DACs; (D) the difference between the p-band center of alkaline/alkaline earth metals and the

d/f-band center of TMs and Ln metals in the GDY-DACs; (E) the p-band center of post-TMs and d/f-band center of TMs and Ln

metals in the GDY-DACs; (F) the p-band center of metalloids and d/f-band center of TMs and Ln metals in the GDY-DACs.

Copyright 2021, Wiley-VCH.
] A 5 AH FAEF , Post-TM L& Ji 77 A YR AR T 14055 . TS 4 JE oo & Y Se S5t [A)FE AT LA
TEALGEIEEE , DT 0 F T RS AR S I R A ) FL AL . T2 S 300 I 4 B R & 8 LT 1 d
s L, BiE AAEM DGR 2318 8 4d-5X Sd-1:0 1 428 ) -1 4 R0y R B, 17T Post-TM 42 )8
JCE X dif 5 PO LG A5 m , AUAT ALFI Ph BE0% B 35 3406 Pt-5d Fl Au-5d X R4, IF H.
L AR RE 224 T AT RS ASR . Post-TM 1A 15 BE 1Y p-d F p-fHUERE G, BEUEA A3 P TM/Ln SACs
FE PG IE RIS PR B T BE R s Ve . A, THREE R R T2 4R R 11 GDY-DACs d/f i thats
RS, BRI, FATHOBFIEEN, TN AAEM ., Post-TM 124 J& 7T 2 5L A 23 %) C 8 78 19 TM
FLn 4 8GR R LG ™ A 252 m . teah, FRATHE I A TR W AR, AR, &
i BN BFECE . pd R L SRR TR L R AR R A A IR 1 S R A, X
GPR BTN 53 0, I FHYIZ:)5 19 GPR 25254 GDY-DACs 4 fE B i 34 fg 45 M AT
il G5 IRRI, M p BB MR Z —85 ATFE ARG, @A R E B LRG0k
SEAGEIENEE . 15 1A p PUEH RS A IESE 75 s XU R G A H s e . SR, XTH
TEE R FNRE FEAEA R TR A 22 7 B2, FEANUT 4 Post-TM (p X)) >ZE 42 J& (s, p 244K ) >AAEM
(sIX), AAEM 9 p s HhoC F St s 1 A K Am 2% , 197 A% 25 (RMSE )ik 3] 1 2. 185, HJEHAE T piiirh
O EAEL RS FIR K . MBR AAEM 2 5 Z S H & 215 A B 45 5 0] 5 DFT $50His i i 2%
BN, JEHIE Post-TM GDY-DACs 416 iX R 22 £20ok 3 TAT AAEM 9 GDY-DACs i p iff
HUL AR TE S XS, 33 AT BB F B TR T 2 R LE R & 5 R Y

2 AER-FEFELTELKRTESS

BT HIRFRIIIETE , AR I RE A R tH K e — 25T T GDY-ACs ALK 23 A i i 7
(P 5)7. AR GE g5 7 3Gl R 7 X IR B RE AT D o E 2 ) AN S Ok i K o il ™= S R B
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Fig. 5 Adsorption of TMs based GDY ACs and their HER performances””

(A) The DFT calculated energy of initial adsorption and final desorption of 3d-TMs based GDY ACs; (B) the initial
adsorption and final desorption of 4d-TMs based GDY ACs; (C) the initial adsorption and final desorption of 5d-TMs
based GDY ACs; (D) the chemisorption trend of H on 3d-TMs based GDY ACs; (E) the chemisorption trend of H on
4d-TMs based GDY ACs; (F) the chemisorption trend of H on 5d-TMs based GDY ACs; (G) the volcano plot of the
HER reaction energy of 3d-TMs; (H) the volcano plot of the HER reaction energy of 4d-TMs; (I) the volcano plot of the
HER reaction energy of 5d-TMs; (J) the energy of initial adsorption and final desorption of HER on the Ln-based GDY
ACs; (K) the volcano plot of the reaction energy of HER ; (L, M) the free energy diagram of the HER process; (N) the
DFT mapping of the preferable initial adsorption sites for H* in HER; (0) the DFT mapping of the final desorption sites
for H, in HER; (P) mapping of the chemisorption energies for GDY-TMs based ACs; (Q) the DFT mapping of the reac-
tion energies of HER for 3d-GDY-TM based ACs; (R) the DFT mapping of the reaction energies of HER for 4d-GDY-
TMs based ACs; (S) the DFT mapping of the reaction energies of HER for 5d-GDY-TMs based ACs.

Copyright 2020, Wiley-VCH.
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HER 1 72 Hp 9 $ R RE AR (b R B 3N o] L o e dss H R W BB AT H R B RE SR S8 1 [l 5 (A) ~(C) . X
T 3d-TMs, K254 R FRF I Hew) b H O B RE S =5 i H WG B Be , I L& 22 (840N, {H Mn Fl Zn
I Z2(EEK, 7EfEE HER SRR PHA MR . 734, NijE&3d-TMs F{UA IFRILH B & [ i
MICE, UEIH AL HER AYRE RN R AT, 4d-1d V4 8 )R 100 1h HWG R R H I I B fig =2 ) 9 22
BRI TR R A8, HA U Pd Al Cd KRB 138 B {L HER (1R BE . Pd Y52 H IR g4
I 0eV, BREARTHEASRY. BT PtilHg, KEZE5d-TM I A& T GDY-ACs, B R ETETT 24NN
PR 1 FE #4220 T AR TE HER R I BN, . e P B AR b B s 3 1), I Hoe 2 1L W ¥ /e

AR, ﬁ’ﬁHg%%HERE‘J?&%ﬂUﬂﬂ%ﬂﬁﬁ‘H[&I}fﬂ‘lﬁ’l‘&kifﬁﬂﬁﬁiﬂ*&ﬁ%ﬂﬂ AR AR AT
DI i S 55 R 221 [ 5(D)~(F) J. B Re i /A B AR, RE2E0 IS B ou R A s
B i B BB 31 R A7 AR X 3R B T HRR I E B RE T J2 HER HP Heyrovsky S A OCHEBE Al . 45 Ak
GDY-ACs W itk % B & IF HAsw, L] DUk e Ak R HhaE . 1 GDY-Zn, GDY-Mo il GDY-Ru 5§
ARG R TR AR G, X BEWL S FEGTESS S, (5 H, B e KRR, (15
— AR, R CDY-Au RIS TR 1 S i RE T, (FR Ak 2= SR B L. Pl Hg
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(APl I B R SAER AR 3, X — 2 UE S T X 2R & B DT R T 76 o 2UEAL HER J5 I s . Bb4h,
L GDY-AC A7) Uy W RN e 2 B B =2 ) P e o 22, FRATTE— 25048 T TM-GDY 76 S it it 2 B
[ 5(G)~(1) J. 1 Zn £ F k1L E (Volcano plot) (43 s B, FeBH AR AL HER Y RE 1 5e 55 . MR
WRF 11 5 22 Mo W B 22 18] A BB 1 22 22, Ni, Fe il Co J2& 3d-TMs Hiifk HER B0 B A e b4 B} . 7E 4d-
TMs ", Cd 1 Pd (R ZE /N, 10 Rufi FHRIA A, i8R RE J1 4055 , MELLSCPRiEfL HER. /A8 fb2E
B2 B Ru 38 GDY-AC HEASBEA ZUAEAL HER, {H Li &7 IBFSE R B, AT 16 A1 Ru-GDY-AC /25
B IK A B AL R, ZERRYE 2514 T % HER 1 OER #R EA &k & BIMEAL I 1k L 3845 J1 A0 p-d Rl
Ru A — P45 1 B 19 284K (Electron-mediating-vehicle ) , 1] LSZER AT 386 () A AL TR DR DI . 78
5d-TMs 1, Au i TR, B Poisn A s i HER AEALIE 77, IR HBER 22 JLF M 0 eV, EUATT
T, 4d TS EEERIE T RIAER ZE GBI 0.4 eV), KIS 3d & EM L, BI1M#EIL HER 1Y%
HEAK. X T T Lo GDY-ACs[ B 5())~(M) 1, KZEE Ln 4 7E W) 1f W 51 R 5 28 58 2 e 22 1] 7 e o
AR AL F— AR S L. SR, TV A F A HLAEAE ] Ce T 2L58 K A AL RE 1 1T 2R A8 25 1 HER
WEARIE T, Pt H A0 U B B S W o 5 B =i R 1 NS A L HER. 17 Sm, Eu, Gd #1Ho
GRS R WA G P R R B SO H, R EA RS B L HER A AT BBZEFE . BR Pm, La
il Ce Z MU R IR MR I 22 (EARAL T — N EEYE R Y, b Sm, GdFl Eu A B i rh k. Sk
M7, GDY-EuF1 GDY-SmiX PAFE OB UE B () BB A %0 L HER (Y RLAEALGR] , 2800315 mT 45, BAIHE
W2 B 55 — AU B B HL B Be B BB S TH AR AN, X S SIR A RAHAT . At R T AR FEE
T B (PDOS) W HLF 25 i 97, FRATTaE— P50k T GDY-ACs L FiE#fe )1 . 7E3d & JaH, Cr,
Ni, Co Fll Fe 1) 3d &R, T PR RBGL M , REATNTHA RIFHEFIEBRCE. M dPLBp e
B PEA B ICE, W Cu M ZndE, HFHIRMEA 34 PliE, B EBAN ZIE, A GDY-CuliREFEfE £ 8
BRI 75 114 L Ao 3 B8 BE T = UM AL HER ™. i 1ol W% 4d-3:0 V8 4 8 I A ta 38, T L 4d 05 50 AT
%, 1M Mk Mo 2| Rh iX — RFNTCEK 1 1, Ml e, FUE Z [IAFLE BAFBR, 158 T AR FE{L HER (EE4 . Pd
W) P F 4 V6 55307 2 K BB 2 BRI 1T S s H A v 1) L TG L SO BB 2R B Pd LA I S 1O 14k HER (Y RE
73, [RIE & GDY-Pd REME A 84 i Ak A IR A BRIE TE B Ag A1 Cd B H 5 Cu A1 Zn AHALAY HL T2
¥, U EN A IS G AT . H7E Sd-10 I 4@ L Os, Ie il Pt d BB WE(E 5 SRR FZ IR
KA AL HER BRI BENE , Hodh P-GDY B & SE50TERI . ML TE5HA A, A TEM A T8 2654
J& GDY-ACs BTG PE B S(N)~(S) ], HALESEAE 3d>4d>5d, X A58 5 Hi s A i3 i & 2 A 2K
SeHYIE . LAk, T Ea il Sm B9 4908 BAT RIFHI 2R HE 1, GDY-Eu M GDY-Sm 3830 %
FHLTE T . FEF XS GDY-ACs FITEPEN, s A 7ok, RATWAFR RN, PR EEE TS5
SR T A i BE R RN, TR 4 T8 o7 B AN B A R W B a5 . 53— T, C1 X H, A R B e
AT, T GDY % 1Y C2 J2udE Co M PLTEN BT A GDY-ACs b e LA G A9 A7 s [ S(N) F1(0) .
T Bk L DET T4 2451, FRATE A 5 1 (Bagged-tree method )V A HLAR 7 > 51k, iH
HHIAKEIFREBR IR RGO GDY-ACs F W tae, b fF e A g5 R | w28 H
F1 BB dif R OIETERL SRR BEE 5 AL R RE 2 TR S8, TR
2N SRR A TONRS FEAS B T R R, R AT T fb A B R S LR TR RE 22 DA G, TR N
TERFIEDAE | AR A2 SME MR LSS e A ) BRI M 52 mm) . 38 3 LR DFT TR S5 iLaR 2 2 15 h 9
F I e, FRIIPLER 2 T FOR RS B . (EHLAR 2= 2 Sk i 4 S A e EE B AL Rk B A 35, ot
R Z AR 25 ATy A B — 20 SO A

3 REE5RE

ASCEREVER THE GDY-ACs BE AL 7 T I BriF e E . X e TARRI, S5 & e A Al
MLES 2 ) B ARAERTH e 0 31 GDY-ACs W7 SR — 4= T e Tl & ¥ 5 S VE R .
T R T TR, TERA T Co A PLVE MARE FOEM i I 4 )8 GDY-ACs B9 7. [RAT, Ln-TM DACs &
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o5 T B R A ELVE 7 0 B e L, TR A% 4 S RE RS A el K B X6 05 A o B AR A R S B
HLF H A IEAh, RATHRIRR TRT EWICE A GDY-DACs, 455 B8 FHICE 5 TM il Ln &8 1Y
G4 AT DU i EA R i ) 22 R E MY GDY-DAGs, KP4 p BB 4 i F: I [d1151% 25 GDY-DACs B A
FHLIEM: . DFT WA T BT E M p PUEMMER , R EA TS bkt L4 201 B /R .
MALAR 2 > RN — AR SE T s PUE M p B AFEER . BEAh, DFT IR RMLER 2% 2 HoR iyl i+
Al GDY-ACs fi#tfb HER RYRE S, TFEEH U T A58 A RHE I8 109 7] FH 4k HER (947 B8 pe-J 1
WAL LA BORRIE . X BERFFT IR I, GPR 7L A A E PR AL RE 148 /R T eI 280 N 25 A 1
FREZM, AT DUIMIRBA T AL S80S HAERE 2 R Sl E PR . RS RATF ST R L5 S DFT
TR ) FEARTE T AL 5 I g 27 R 1 0 e i S 45 R Ak R 1k R T A R e 3%, (RpLER
2 2 Fe AN T B TSRO S E5cH e X S A TN R AR S MERR P TN 25 5 . DRIE, P R i b
Bt i 5 2O S R E S N O BEIR TSR . R T IR R — AT U 35 B 12 32 AR ) S A
R, SRR AR TS Y A B REAE B TS R, RATER S R e e L HER HLIE
PE5 T BRIV T 75 ZE 0 — 25 Ak 25 SRR B0 45 I, X KB GDY-ACs YTy~ Fa e PE A AL 1 R
FESEBR IS H AN A2 1 B ) JUAS P 2 s i, 75522 R ol A Sl o 4 2 1A A ff Lo 000 ol R
S, ARAE T AR 0T ) R A T 2 e B A ST SRS A S S AR

B TSR HER , A7 SRR AR AR AR A R Ak Oy s A IR KT T . 5185k
MR L, A SRTE A R 254y T B L MR e 4. 15, A SRR il o8 A AR AN, AT 2 i
A H%, 76100 CUATT MR 2 HH BERE 75 2R8I B SE BRI K IR 4%, 3X 280 T — AL Geiik b1kl
o B e I e R A AR A O S AR, A SRR SRR ST 0 E LA, S8 R AR AR Y i e]
PLpE— A S B FUR ST IR , X e —FBERRAR B LA SR . i EL A7 SR T A b R e — HLA
sp Flsp? 22 A0 ) —HERR S5 H4 W28 ML, S EL SRR O AEAL T8 M P BEAS 1 . LA, A BB BB 4544
32 B S o] DIt AN [ (9 2% 57 R RE B G EA TIRAE , o] DR AR X AS [R] (AL B D 67 7
KEMEBETT . BHET, A S8 bR AL C 2 78 24 R A 0 fi AL S S B0 T 0, A48 K o0 M 7 4R
(OER) . /K73 & (HER) . ZUA 5 (NRR) S5 AN A FEL AL S 0 . 10 H TR 4UA I (ORR) 95, A S5k
SRR 0 K A A Tk — A T . HETIEE B 4 & INER T80 () 47 52 b BERS 7E R M 2514 30
LT RO R EAAMEAL ) R TG e, R B H PyC B4 iR Ve R P a2 RE 17, LAk
F 3l AR R B . IR A, MRE T — IR PUC, 7 SR bR SR Ak 55 A P B A% IR I A e L Tt A
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