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Abstract The hydrogen evolution reaction(HER) from photocatalytic and electrocatalytic water splitting is a pivotal
technology of future green hydrogen economy, but the synthesis of low cost, high efficiency catalysts with high
stability remains a critical scientific challenge to be addressed for both. Single-atom catalysts (SACs) are regarded
as one of the most promising catalysts due to their unique electronic structure and maximum atomic utilization.
The metal-organic framework materials (MOFs) are ideal single atoms carriers due to ultra-high specific surface
area, tunable porous nanostructure, and abundant active sites, serving as SACs synthesis precursors owing to their
unique pyrolysis characteristics. The composite system of MOFs and single atom catalysts (MOF-SACs) can take full
advantage of the synergistic effect, thus improving the hydrogen evolution catalytic activity significantly. In this
review, the recent applications and research progress of MOF-SACs in photocatalytic and electrocatalytic water
splitting for hydrogen production progress are introduced, while the strategies for enhancing the catalytic activity are
summarized. Moreover, the future research hotspots and trends are outlined, which can provide novel design models

for HER catalysts.
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HER:
fRtk: 2H' + 2 ——H, (2)
Bt 2H,0 + 2e H, + 20H (3)

OER:
MtE: H,0——1/20, + 2H" + 2¢ (4)
Wit 20H——H,0 + 120, + 2¢ (5)

HER FIOER S A4 HL AL 0] DIAR IS RE s 5 R 5

E=EWOD”IMNﬁ@%§JZPQ%K) (6)

n

[Kt, HER/OER J )i () HL A7 Bl pH AR £k, X 2F Sy B SRtz A8 4k . 51 A A4k 1) 5%
SRR LU , BRI AR R T, Wb TR RSB E A .

MOFs 4 J@ It 7 P FVE MLECR AL AL, 76— 4500 T, B Z AAEd il B8, A 2P Ay
PE. MOFs AMUEA i L R TR Z2AL45 0 , FLRBA 254638 w] LIRS IR 4%, DA # R LI a5+
KPBARERI R, JRBAR A YEME LR R . Kataoka 557 F 2009 4F 1 Uk 42 H Ru, (p-BDC) ,MOF J&:AE AL 5,
{H & MOF's (i HLfaf 20 B RE 132 R , SEMEAL IR PEXELLA R Y, B S5H e DM R E &, bt
BT IEAE RS B R0, FEPMRIVER T 2T 6K R0 . MOFs & A5 Ab 75 22 DL 1 671 28
T B, TR N RSB KRTF5] A MOFs FIFLIE PIEB, AT GAE B faf 123 () 43 s de it or &2
fRAEAR , RIS A ATE R,

SNSRI EPE B T ESH G, 5148 v E et fb ROV i B AR, 2 5t
N R R AR B AR AR, SETHE AT M, ORI BT A AT B
VS CARAR K 2 it S 07 3 D B AR AR 7 B 5 42 JR AL 7% Pt, Au, Pd, Ag, RuZE™2 TR 48 12k AES
WA, HAA HSR A T IE AL RE R R (W L BB T, T A AW DGR R T A S e E Bk
FHEG, SACs HA B w1 JEF-FIL AR, toaB i e 2081l 6 82 8h J1 24 1EH . MOFs ZFEAL A HLEL
PRTT IR Ry B0 5 A B4l 8 02 e 5 EL T2 8 A0 FLE o W 3 e SR S i 25 B AR A SR T R . R
MOFs Yot fb i &2 A T R R, HOERK 0 MOF A B | TG AT M S0 32 B 67 3R
FEF . FEGRRARMETT , SRR MOF SEAEIL RSO LI 7™ A -2 7O, s R AT IOR il
af 35, S5c 2R B0 T W B 1 S5 1 0 A AR AR R S . A T A L R RO R AR A A, PR
JE - FLAT O A AT AR SO TG M | iR A0 H A RTEC A RS . e Ak i 0 i A P B AN
T AR BB 7 B UG AR AR T 4 B, TRk 2 A SRR N sl )2, HR e AR . XEF MOF-
SACs A4, HOCHEAR SN B B 1) e ey 2 5 G DGR I RE 07 3 2l TR A0 55415 B B B BT R e
FES SR R SE BRI | A2 3R 525 0 FAH B S | T ReE R AL S R AR A, FFLJGREEL
HABIENHUR RB R . 72K SACs 1 MOF JEARARA , ok A 32 2 T 501 1) 4 4153 (MOFs 5 SACs)

@ Ssingle atoms

@® Metal sites

Fig.1 Photocatalytic water splitting schematic diagram of the composite system of MOF-SACs
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M1 S B0 e 2 L i R (R S A S
1.1 MOFs-PtEEFESHELT

PeUJRRECR , XA MW RIS H, A RAFA R s AR v, VRIS E PO iz
Tl E R, A RAR R T 2E—2 0 Tol AR . 5 54 @ Bk el AR R JZ A L, PrSACs H
B A T R TR R e K a3 i A A B AR R BT . ALY, MOFs % 12 1)
Pt SACs - S A AR UL AE A AL K 23 i il S St ) 2 F 9 . Wang 567 2018 4 1 Ik 4t i MOF's £l
BRI A MR O S sy, O A RN 2(A) B . AL-TCPP 45 /9 P8+ 52
EHBHEBL T & R TE T, R (TOF) 8 35 h', 4 AI-TCPP &2 & P4 KBk (29 3 nm) 44
RN 3048 . B4, AT 3E 2 BR 22 A OE = A PR s S 4 4 A28 S H - S 758 (HAADF-STEM) WE2 31 1
AL-TCPP _E3551 50 A0 B BT [0. 1~0. 2 nm £ 47, 1 2(B) 1. BlJE, 8 TR SR BCAAE O, F1H
X M SORGE A 2548 1 (XAFS) %42 & I 5 AE & R oo = AR EL OB XA T [ &1 2(C) ], XAFS 1%
] s B AT Pe—CLAT Pe—PeEE A AE , (OWER S B 2 19 Pe—N W, i —20UESE T P2 th /U 1
BOA Al e 1 . 455 8 RIS RSO TS % FE 1z 3808 (DFT) T [ 2(D) 1A, e+ 15| ARBIg42
BEE A B R R IE , WA A R, T R OB TE PE . BR T ALK MOFs, Zr B
MOFs ., Ti %k MOFs i1 Pd JE MOF 4 %€ 1Y Pt 84 Ji 7~ (MOF-808-EDTA , Ti-MOF, PCN-222, Pd-PCN-222-NH,
S8) A AR A OB PUR R FRES I B TR RCE, M H LR A LSS A hbe
B, AR T KR A, ARAmE TOCAEBRRTNES. ZhE S RAFHEAYE
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Fig. 2 Schematic illustration showing the synthesis of Al-TCPP-Pt for photocatalytic hydrogen production(A),
aberration-corrected HAADF-STEM image of Al-TCPP-0. 1Pt(B), Fourier transformed(FT) k3-weighted
X(k)-function of the XAFS spectra for Al-TCPP-0. 3Pt, Al-TCPP-0. 1Pt, K,PtCl, and Pt foil(C), calculated
free energy diagram for photocatalytic H, production(D)*"

gas(E)P!

(A—D) Copyright 2018, John Wiley and Sons; (E) Copyright 2019, John Wiley and Sons.

, photograph of the film producing hydrogen
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Z LB MOF 1 5125, FEIR AN AR T K2 Ja Hr SR A B iR S R i, 4 T 2 60t
4L 7 MOF@P-M, SACs(M = Pt, Pd, Ru, Ag, Co, Ni, Cu). i%J5 38 A] )i FHl F Ti-MOF, NH,»-Ui0-66,
MOF-808 45 Z F MOF Mk}, B — & & k. Hrp, Ti-MOF@P-Pt, SACs (75 P fe 2, AH HL s 4R
Ti-MOF, HyGPEFRT T 127 4%, i5%]4193 wmol =g +h™".

PG BN K A B89 K 8 25 ELA R R T 350 MOFs 250434 RE 6% 1F— A1 32 71 P B 1 17 28 4 1
BT, Zuo 585 R R THNTE MRS E WAL 7 ik 4 T4 PR 119 8 2D MOFs
KR, I I TR A R R A O R B, L PR T B R A 12%. TN
KA EBEAUA (2. 4+0.9) nm, Fb 3R A K 570 mYg, AMUBEHE 255 8 2 101G A 5, il i K A2
FEG A T AR B RO IR, I f A R A TR, R R Y PR R T RERS (R E
T RS RN H, B AR . 7E AT DB RESR R A9 7 SR AT A 11320 pmol - g™ -h!, AL 2800 4 IR
WG AR R ARRLEE Y 93%. K 9K Ak 700 0 B 3 (81 A 6 S P i s s, o LA P S A b K
F(17. 8 mmol-h™-m™) [ 2(E) ], sk & m 1ol A i FHEEHE 158 i) SR .

FAEF X T MOFs YGfEAL TG PR A #2722 FLAT WA . (1) AT B MOFs YefiEfb], 4
S PR AT RN 3 T O B T A R R 5 (2) ST R A R i ST, AT DUA SO R T K
O3RN B 1% . Bu SRS AR PR R T RCALIREE , WFSE T PN, BCA BO0 S TG PRS2 . B 5,
T 2o 187 BRI A6 U I5E B S K P (bpy ) CL % 7 78 NH,-MIL-125 e 1f7 , #4817 %8 (1) L 1 1% i i 1%
BDC[ OGEIT) -1 % Pt(bpy ) CL(Fr &AL |, HE5H UL 3(A). il 4 X 2 M IORS 4l 45 74015
(EXAFS)ZFRME BN, AT PeA s LA 3085 4 P-N,CL, B PS5 5,5- R 562, 2- ML IE (H bpydc )
R E AR LK 3(B) 1. B 3(C)~(E) R LR AR & FAR e PO . P-N,CL, SACs I T fx
PEHTE L, YT &G R3] 7. 608 mmol g <h™, FAITR A 190. 3 h'. X FOGHEALYERE B35 $2
(LG, ATIE AT Pr-N,CL, SACs A58 IR HL 2500, JF 78 2 L7324, Ik 1 AR H 38 JEK 40 1A Al

A)

»

}J

P~

Y'Y

}Z}ﬁk}{

X

NH,-MIL-125

Pt Foil

© — NMLPN,
— NMLPIN,
- - NH,MIL125
3 20000 NML-hbpydc
E -~ PUNML
]
10000 A
E /
/’
Y

Time (h)
Fig. 3 Structure of NML-hbpydc, NML-PtN, and NML-PtN,(A), wavelet transform Pt L,-edge
EXAFS spectra for all samples and Pt foil and PtO,(B), photocatalytic H, production
amounts of NH,-MIL-125, NML-hbpydc, Pt/NML, NML-PtN,, NML-PtN,(C), the compari-

son of photocatalytic H, activity(D), the photocatalytic cycle stability of NML-PtN,(E)**
Copyright 2024, John Wiley and Sons.
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AR . MG ISR BERE FCIRE , BEASRS RS PeN, B AR . X ELERIE R B, PN, B PR5E
Tz a5 BEHFNSS I Gibbs F i BB ST 2 B0 T T R

HEE MOFs 5 Ti0,, CdS, MnO, % ToHL SRR A R vk 5w, 472 Pt SACs 1 MOFs 52 KK &
FFCHEAT BRI AT RIS, He S fE4NE T PLELR T Ti-BPDC-PrSEAli -, 1 3 i #A i 51
77114 1 TiO/Ti-BPDC-PUOGHEALF] . TiO, 7E Ti-BPDC b5 A= 1K, 3847 B 4780 Z-scheme S5 45 4
AT L FEE RS AL, A A RS s 2 R0 5 . RIS, P B fb I oA e A 200 7
RIS S5H IR HE T2 1B 7. Sui 55K SnOME A4l 2y, REAS IE 5 AN [F] B T
(PY/Cu/Ni 2 ) FIA 6] #2E MOFs (Ui0-66-NH,/PCN-222/DUT-67) 5 SnO, 52 A GHEAT . ZEM: & il &5
T, Sn* BEMEFE 4 TSR AR R R T, IR SnO, 5 B F— [F] 7 207E MOFs LIE P . SnO, A~
AT DU 564 B 1 T , iR AR B A S R9/E AT . o, Pt SACs/Sn0,/Ui0-66-NH, #H Lt
T Cu SACs FINi SACs HAG B S G S 1k
1.2 MOF-HEHEFESHELF

Pd 1 Ru &M &0 0 H s B0 53 408 B fb ), BAR e F 2B At BB Pe s,
R AP 25 5, AKIA AT DUR B AL S BT SR T M. Kim 884G i T 112k Pd BT/
2D MOFs 99K F, JE/R H T 46T Pt SACs-2D MOFs G AL A S G v [ 4 (A) ], BT OGS
AR IE 21,3 mmol g h, A I ZE H) P-MOFs i AL 7 B0 315 2 . WA 566615 (TRPL) 45 MR i
7%, Pd SACs-2D MOFs [ 9642 2 i 7 75 fir 135 62 ws, 1M Pt SACs-2D MOFs [ 287 T 43 A M 4 s
[E4(B) ]. Z5E B 4(CORTLUEH, BRI T3 A 1 K A i i 5 RS ORI TH S SO &BeR kA8 T

= ®), ©
3 a0 - Cumor 3
E / S10°
5 ' i
g / gw'
32 4 e :10-’
N :
::-'- o] s&—n A A -

00 05 1.0 1.5 20 25 3.0
Illumination time (h)

(D)
5 .,0"/5"
A Ve
¥
(&)

o

[Fe-Fe] hydrogenase Cooperative dual sites

Fig. 4 Photocatalytic H, evolution under visible light irradiation(A), time - resolved PL spectra of Pd-MOF and
Pt-MOF collected at the corresponding PL. maxima(A =355 nm) under N, atmosphere(B), schematic illustra-
tion of the photocatalytic H, production mechanism on Pd-MOF and Pt-MOF(C)™", photocatalytic H, evolu-
tion rate of Ni,-X/MOF(D)"“, hydrogen production yield of CdS/UiO-Ni-X-Y(E), calculated free energy
diagrams of hydrogen production over CdS/UiO-Ni-X-Y(F)™!, key intermediate of cooperative dual sites in
enzymatic(G) and MOF system(H), schematic illustration of the CoOPOH/MIL photocatalytic system (I)"®!
(A—C) Copyright 2024, John Wiley and Sons; (D) Copyright 2021, American Chemical Society; (E, F) Copyright 2024, American
Chemical Society; (G—1) Copyright 2025, American Chemical Society.
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W EPETE . Hu % TE Ui0-67 [ Zr-oxo 7% _F 4 T Ru R+, FIH T MOF 2544 5 b i 59 30 R 1,
i 2L PR Ui0-67-X [ X=-H, -m-(NH,),, -o-(NH,), | ""-NH, B RE A7 &, IMAHFSE T Ru )5 J& Fl
) B AR PR 58 X HOG A AR K 20 it ) S ME BE AU S0 . Ru,/Ui0-67-0- (NH,), HLAG fe i G A Ak 7 R
(20.52 mmol-g'+h™), 4354 Ru,/Ui0-67-m-(NH, ), fl Ru /UiO-67 L5 1 4. 6 Fil 146. 6 £% . 1E&1fi-NH,
B RS AT T AR TS 25 K /0 F0-NH, B BB Z [ By Ui, A E T 64 B far (U B FUK 41
(fFES . DET PR AL PRMNAEE R BRSSO IR 25 Ru B 153 (0. 506 F10. 784 nm) B, %
LG RE M X AL B 0L TGP R AT . X B A 700 1 R 5 ) A ] RS 5 R BE OIS, %o LA
ML ARE B IR ST N e Ui AR B B A R

B A B MR B 5 T ECH A RUAR T IR S AR (A Fe/Ni 45 ) 7EMbER GG EANT EE, A A
TRl S EE AT, HA I 6 R RS 18 55 B M 0t 4 J@ AL, SR A 2P Tl
FAH B INZ B I AT IR, R B A A T AR TR A T R W S S HGE T — Rl ORI A
PORNBREE Jr i 25 1) CdS/Fe-MOF-525 5 5 AL, 8 B AR SR 2T SIS AR 2O 45 R B, Fe B
JE 7L Fe-N, il Fe-N-C JE A 1E . Fe BT FIL5 T 445 A B[R i Ak = &6 Pk R IR 7T %2 3638. 6
pmol g™ +h™".

Wn_E SRR, MOF-SACs & A EAEAL 7] 851 A TC 457 SRS o A A 1 P AT i 5 . Ma S5
BEE L T ARS8 (N, Co™, Cu®, Ru®) B BAJE T IH4 8 7E MOFs [ Zr-oxo i _L, i@ #2354k
TR i 2 = e W N =R 8 = W L E S NG o (A D N R 628 (R (R MW TR )
MOF(MOF=Ui0-66-NH,, X=-0, -S, -S )ALt = 3G E [ E 4(D) ], Hirfr Ni -S/MOF {1655 48
Fb T NiS L Ni g K B0kL, S hNSE b, AR TR . IR R S S R R, Ni(Df;
JLREME N TR U N B 12 5 DT TR, Ni-S/MOF HA S IR i Fid fb #5242, [RIIE N -S/
MOF 46 I (R SGAHEAL K A A% 38 AT 3K 1360 wmol - '+ h™'. AL 7 4 o i ELIGAT, o a] DU 3
HE 4 Jd B F-MOFs AL 1 A 5K

Yang 2SI — B L T CdS/UI0-67-Ni-X-Y(X =S, 0; Y = H, Cl, CF) &5k, [RHEzE T
Ni LR F I — 2 A —2ROAEE [ 4(E) 1. 256 B 4(F) h i 85 Rardrnl A, 55— 2 ROAEext +
B AR 0 FL A R B S I B, B R OB S R S AR AR R I Bl )12, CdS/UIO-Ni-S-CF, H
A SRR YE , 7S A 1870 wmol <™ +h™".

Jung FFHOBALL F AR b [ Fe-Fe | S MBI AU S UM RIBLE] , 78 MOF Hokg i 1 ip[m] A1 B e -
JEFAHEAAL S LB 4(G)FN(H) J. ABATTE Je44 Co B )54 7E MIL-125-NH, I, X5 il 5B imis I A
P-OH JE AR A A BT RER AL . X S H BB T (XPS) FI EXAFS RAEZS R /R, 7E CoPOH/MIL H
Co 5 T IIAETETE R Co-O Wi, A WEEH] Co—P 8 . O J5EF1E A UG BB i Co—O0—P JRi 4%
. AL FIAE T OGRS K34 6. 6 mmol-g ' +h™', 4331k Pt iUk /MIL F CoP R/ MIL 4 K} 6. 6
1745, 454 DFTHE, UEW P-OH 525G RE 1TSS, AT ME SR -5, AR T4 Co-H
HAARISS 4, WA R N fE 22 [ R i A LI 4 (1) ], WA aIA0 38 et 23 a] b 8 S 55 408 0 A, 1
SERA RS, SCEL T L TAR G s A B AL R A BE, XTEIE B4 R P R IR R R B S
1.3 MOFsE&N&EHEF/R%E

ALK AT L FE H, MO £ 28 1 X4 T Pp R T -PE A7 s A A 70 (L 75 [ 72 ) RE R 4 T e —
GBI IR , AL RN AR, E— D3RG . FL T o0 R AL B . Wang S5 BT HRIFFY T B5 b
kI MOFs Hh2s 9 KA 28 /PR T, EXAFS 255 BUR, P F Al E FENMaR i ot , SRR
JEFBCAL, Ir BAEF A FCA A S PUBARL. PRSI AR R SR Ie i — 4y, AR &= A -2
T, FRERS TR L 45 BT A LG B N B BE T . MOFs W s 9K A I RR IR E5 A A )
FAEBGSAE 5 T7E I/P A4 SR B AL, Te-MNbRZE 23 1T AR BDEEA GO, PRk 43 )
AR A SO A T, 7 SR B AL TR Y P/ fiE AL 77
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PR AL RE DA 0 R R A AR TG, AR 28 T MR L 45, FE R AR RIS
B 7 —Fi & @ 5e2, MRS IS PR T A BCALIAEE . Pan 563l 1 PR A% Pd AL 2 Eb B2l AR
P27 JE B A H fp 20 A L, R R P, @Pt, SACs/Ui0-66-NH, A4k 7] HAT 28 G Ab K S i rs &%
P . Pena ZE L E T — v NG AL TR B Au NPs/PCN-222/Pt SACs B &AL, NIRRT 4494k
SR A R U — AR T T ORISR, (EUR Au N ORISR XS PSR (14 B2 e R AR G A A —
FEMERE , MLEH R ASHA A .

MOF 3 5 5P AL TR e A AT U0 o 2R R M 8 S 36 PR N LA i R v, 38 1 gl T4 Fh
MOF JE B JE AL 70 G 7= SR RE . 1525 T MOFs i 32 & FLIE s FL R AR, 5 A B B 1
PEAR SR AT R A S LR E . MOFs i 2L IB S5 Ko K AW RE 77, S 35 R Tt T s F i v
O BRI 11 527 R B 5 BRI MOF's 22 [8] 1) IRV FH RE % 02 i B0 7 i 6 B8, il e A #om i =
A NI EMEAL RN 8% . MOFs TESRALAL , 2 G Ak 5L E - AR R 55 a4, 1A
7L B e i P R RO B8 S S, A T £ B = SO AR P A R . B R OR R, RS A
J& BAE TR A AR TS M RERS S 2 IR T . RS AL & T2 Fnm gk i R ke 45 i
IAFAE—E PR, (R IAERAS | PR AN n] Rp2e by T HA SR B, 54 B8 MOF 3852 A HL s 7

AR EAR K S AGE 1 Tk AR R 28

Table 1 Photocatalytic water splitting performance of MOF-SACs in different reaction environments

Single- Sacrificial Photocatalytic i
Photocatalyst Loading Light source o Stability Ref.
atom reagent activity
Al-TCPP-Pt Pt 0.07% 300 W Xe lamp TEOA 129 No  Noticeable change [23]
(mass fraction ) (>380 nm) pwmol+g™'*h™  during four runs
MOF-808- Pt 0.98% 300 W Xe lamp TEOA Eosin Y 68.33 The Activity is kept after [24]
EDTA-Pt (mass fraction ) (>420 nm) mmol-g™'*h™  five cycles
PCN-222(Pt) Pt 4.67%(mass 300 W Xe lamp TEOA 614 Photoactivity remains at [25]
loading) (420 nm) pmol+g™*h™  99%, 95%, and 93% in
subsequent second, third
and fourth cycles
TMEF-Pt Pt 8.9% 300 W Xe lamp Ascorbic acid 15456 Photocatalytic hydrogen re- [26]
(mass fraction ) (>420 nm) (AH,, 1 mol/L) pmol+g™'*h™"  lease rate hardly decreased
after three cycles(15 h)
M-SAs@Pd- Pt 0.2% 300 W Xe lamp  Triisopropanolamine 16591 The high reactivity is well- [27]
PCN-222-NH, (mass fraction ) (2420 nm) pwmol*g™'*h™  maintained for seven runs
PtSA-MNSs Pt 12.0% 300 W Xe lamp Ascorbic acid 11320 93% of the initial activity [31]
(mass fraction) (>420 nm) pmol-g'*h™  retained after four cycles
with 5 h for each cycle
Ti-MOF@P-Pt, Pt 1.20% 300 W Xenon lamp TEOA 4193 A slight activity decrease [28]
(mass fraction ) (400 nm) pmol+g'*h™"  afier six cycles
TMF-Pt Pt — 300 W Xenon lamp 1 mol/L Ascorbic acid ~ 33185.66 The three-cycle test results [29]
(>420 nm) pwmol+g™'*h™  were basically the same
Pt@ MIL-125- Pt 0.54% 150 W Xe arc lamp ~ Water/ethanol=50: 0.943ml/h  100% Retention of the sta- [30]
NH, -TiO, (atomic fraction) with a Cornerstone 50 Nafion slurry that bility over the entire test
nanotubes motorized 1/8m placed on a carbon period of 168 h
. monochromator electrode .
0.45% (atomic 1.472 mL/h 80% of the activity has [30]
fraction ) been lost after 168 h
NH,-MIL-125- Pt 0.78% Xe lamp with Triethanolamine 7.608 In three stability tests last- [32]
PtN, (mass fraction) full-spectrum light mmol 'g" “h! ing up to 12 h each, the
(290 mW/cm?) activity exhibited minimal
decline
CdS@PCN- Pt — 300 W Xe lamp Lactic acid 71645 A slight activity decrease [33]
222(Pt) (A=420 nm) pmol * g;:‘lls +h! during 25 h
Chem. J. Chinese Universities, 2026, 47(3), 20250333 20250333(8/16)
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Continued
Single- Sacrificial Photocatalytic
Photocatalyst Loading Light source o Stability Ref.
atom reagent activity
TiO,/ Pt 1.8% 300 W Xe lamp TEOA 12.4 The efficiency is almost [37]
Ti-BPDC-Pt (mass fraction) ~ (420—760nm) mmol-g”'*h™ identical in the three cycles
M,/Sn0,/ Pt 1.35% 300 W Xenon TEA 2167 No noticeable activity drop [38]
Ui0-66-NH, (mass fraction)  lamp(>380 nm) pmol-g™'*h™  occurs in 6 h
Pd-TCPP Pd 0.89% (atomic 450 nm LED Ascorbic acid 21.3 High stability after 24 h [40]
fraction) (500 mW/cm?) (0.1 mol/L) mmol*g™'*h™"  illumination for all wave-
lengths of 405, 450, 520,
and 532 nm
Ultra-thin 2D Pd 2.79% 300 W Xenon Ascorbic acid 1.32 The hydrogen evolution [39]
Ti-MOF-Pd (mass fraction)  lamp(>420 nm) mmol*g™'*h™"  rate only slightly decreased
after five cycles(25 h)
Ru,/ Ru 1.1% 300 W Xenon Ethanol 5% 20.52 No noticeable degradation [41]
Ui0-67-0-(NH,), (mass fraction)  lamp(>380 nm) (mass fraction) mmol-g™'*h™ is observed in the three
Nafion solution consecutive cycles
CdS/Fe-MOF-525 Fe 0.17% 300 W Xenon TEOA or 3638.6 Retained the H, evolution [43]
(mass ratio) lamp(>420 nm) lactic acid pmol-g™+h™  amount of ca. 90.1% after
five cycles(25 h)
Ui0-66-NH, Ni 2.8% Xenon lamp of TEA 0.63 The catalytic activity and [42]
MOF-Ni (mass fraction) 300 W power mmol-g™'*h™  crystallinity were retained
SACs-PDA for at least 3 cycles
Ni,-S/ Ni >4% Xe lamp TEA 1360 The good activity can be [44]
Ui0-66-NH, (mass fraction) (>380 nm) pmol g *h™  well maintained for at least
six cycles with intact crys-
tallinity( 12 h)
CdS/ Ni ca. 5% Xe lamp Lactic acid 1.87 That activity can be main- [45]
UiO-Ni-S-CF, (mass fraction) (>380 nm) mmol*g™'*h™"  tained in at least three cy-
cles with retained crystal-
linity(12 h)
CoPOH/MIL Co 1.422% Xe lamp TEA 6.6 Maintaining its  activity [46]
(mass fraction) (>385 nm) mmol-g™'*h™  over six cycles(12 h)
HNTM-Ix/Pt Ir/Pt Ir:1.05% 300 W Xe lamp TEOA 201.9 No noticeable activity - de- [47]
(mass loading) (>400 nm) pmol g™ *h™  creasing occurs during the
Pt:2.54% three catalytic runs
(mass loading)
Pd, ,@Pt,/ Pd,,@Pt, — Xe lamp Triethylamine 1200.5 Its activity does not present [48]
Ui0-66-NH, (>380 nm) pmol-g™'*h™  obvious decay in five con-
secutive runs and a contin-
ued test for 25 h
Au@PCN- Pt — Solar simulator TEOA 1015 No significant change after [49]
222(Pt) (Abet 103 with pwmol+g™*h™ 4 cycles

light intensity fixed
at 150 mW/cm?)

2 MOF E &8 7 FELFIERELTSPRINA

JUAE MOFs 545 B J5U- AR S0 R AL A R O AR 5230 58 2 11 R 2 3T ORI ARG 1, H
SZBRF ARG R B AL e BT A E A WA, DeE LA R BB AOK B RE S S REFAI AL
FATE A, 24 MELLSEBUBEAL TOL R . AHEEZ TR, rAEAR A 23 (R A /KO TR B AR5 2t
SRR E S, (H AR AR AR 57 E R i T R . X — 4RO T R A
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FERAEAEICREIM AL RE R FE L, TR HL BRI AL A AL 2= RE . H A T S0 S 1 R P iR SOV W P B e
O3 RTRVER R RV R . HER FEAFEADEE, 55— 250 Volmer U0, BIEWREMHETR . BEfS 2
Tafel 5 Heyrovsky JZ i, A MM 5R . A, Tafel s b A7l i, Heyrovsky [z i Sk B Ak 27 it B 25
TR DL AT 2 — A 00 S0y AT R AT S S g g A A R A AP IR, S B SO i R A
2, B ON B 12

Volmer 5. :  H,0 + e H + OH (7)
Heyrovsky JJif: H' + e + H,O——H, + OH" (8)
Tafel ;2 )vi: H + H' + 2¢ H, 9)
PRPEIR A .
Volmer 2 Jii:  H,0" + e H + H,0 (10)
Heyrovsky it :  H™ + H,0" + e H, + H,0 (11)
Tafel ;2 Jvj: H"+ H=——=H, (12)

B AR 2R R B R R R R R K R A 5, DR AR PR A R HER & A MR K F IR PE R &R P HER,
PR RAE SN 8 1% B 255, SHEARFII R AN . XFF HER S0, &0 Al A () B4 Wit B A
Wi 28 O EE B S AR, A AT MO A5 S 5 T, PR H T RS R S A B HL T BER . 12 AR
K AT A RE I 20 W B H R R HL, B9E, A& 5 (A) Feas, & A A B RE A E (AG,.=0 eV) I, HER
SO R A e 52

10 F————r——7——7——7—

@ AG,.<0 AG,.>0 ®) ey

log jo
A
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et et ocmntosond oscnf cccsd
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0 AG,. o8

* 04 0‘.0 * 0.‘4“A08
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Fig. 5 Relationship between j, and AG,,. under the assumption of a Langmuir adsorption model(A),
HER volcano plot for metals-supported MoS,(B)"*
Copyright 2022, John Wiley and Sons.

P 5(B) 2l MoS, BifA b &R 5t 4 J8 AL R i) HER L&l Horbr, BRG0P g 0 05 rrg Wi o
REIES H EHLHAT RAFAY S HIME, TERRYEIAR R HER OB, HAT SR RO REALIS 1L . Rk AR Y PYC HIAR H AT
CZN 4312, BARTERRIE 2 F T B0 A A Ty, (EE W B A S ar AL TE . M A
AT SAS AR, FERRAE PR R HER B2V A RS 8 B 55 BARH 24 50 2 SR A oo ol 2 AN/ 19 B S 2R 8
FREH B T Bt SR AT AE A D A R R TR, SRR Bt i P mAR AR v R A U 57
& HATAIATFEE AL

MOFs {1 LR RIRR | 4= 68 A0TSR S R TG iR A5, ANCRT LB HER S0 AR
IR REREAE S MOF's 77 A8 fHE AR 0] B4 i SR (A A HER AEALTR] RO 2040, SR IS AR MOF's i) L MERS 2, HLAE
PR A AR AR AR S R PN s AR LR 38 S ORI | e bR SE AT AR sl S E MR
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G AATcE AR L PERE AR E R . MOFs SLAITAE M52 A B - AL AN (U4 MOFs FILEL R i £k
FIPMEIVEF , iR 785046 & T R R AR e 1, 2 —FhoB B ) = 8 HER AL .
21 MOFsE&8H=&ERETHELF

Pt, Ru, Ir Fl Au &5 5% 42 @ 72 5 FH 09 HER SN AR R0 S T BRSO A , s/ 53 4 Ja 4l
T, B A B A R R A AR L R R A AT M . SR, Aer A RS ORI Al o S i
HEALF, P B I R IR AR, IR AL R A AR SE 1 (4153 . BCALASG | T 56R% ) Tl
AL BERIRRIOC R L 502 BT 0 F S A

Sun &7 18 B T 2L TE Ni-BDC MOFs 5| AT R F o IR T AL, EXAFS 455 A DFT 1
LR BN, Ru iR T RENS A RO $E MOFs 4 J& Ho0 i fL 72544, H farfi 1] 76 RuJi 7 F2R4E 75
Ni i b B . HL 25 A A 022 1 NiRu,, ,,-BDC H Ni J5i- X & W B B H 42 1 BARUIR S (AG,, 421
0eV)[E6(A)]. [FEF, RufJ5i7-X} H,0 (W M sEHCHE , A AT HER S Y 8h 124 UG 22 1 23U
AR . AL AE 1 mol/L KOH %3, 78 HL I % B 10 mA/em?® T (3 HL A 4 A 36 mV [ & 6 (B) FlI
(C)]. LiZESE Co-BPDC F5 | A RuBAJ5 7, 3 MOFs 4 )& i AL A T MAE 2 0. 16 eV, A4k
T MOFs i HER W& VE . 76 1 mol/LBES N B, 72 LA %% 10 mA/em® B AY I HLAZ HH 215 mV (Co-BPDC)
B2 37 mV, T 4a AL PUC AR (31 mV).

4
“™ ™ 030
5 Ruin NiRu. "—ODC - —NF = Ni-80C e .
b " L “éV] =NI-B8DC — NiRU;»-BD &
L.—/ - = NIRU 4-BDC §° 2™ NiRu, ,-8D0C \““«
%‘ 02 € 40{—NiRu.,-80C g ~— NiRu,;,-80C
‘§ Ni in Ni-BDC g :::,'::“""Dc s |— :fc : .
0-01~ E-601__Rruic 80" ‘1‘1\'0“' /"/
< NiinNiRu, BDC | — et :
-804 5 % e—— 32 mv et
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1001~ v v y - v v v
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E (V vs RHE) Log(j(mAcm?))

Fig. 6 Calculated adsorption free energy of water on Ni-BDC and NiRu, ,,-BDC(A), LSV curves toward HER(B)
and Tafel plots(C) of Ni-BDC, NiRu, ,,-BDC, NiRu, ,,-BDC, NiRu, ,-BDC in 1 mol/L KOH""
Copyright 2021, Spring Nature.
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SO H B LI 7(COFI(D) ], AR EE R F 0, PeBA s 1 F1 9 Fh MOF 454 18 o 7 A0 BAE R <5 vp
O B, R POKRRSL, PRI R 7 X H A g 0 [ & 7 (E) () J. iz S AILER 800 v i
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Fe in Pt-MIL100(Fe) = Cr in PE-MIL101(Cr)
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Reaction coordinate Reaction coordinate
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®0 @cC @ Fe @cCr Q Pt
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Fig. 7 Free-energy diagram for the HER on Fe in MIL100(Fe), Fe in Pt-MIL100(Fe), and Pt in Pt-MIL100(Fe)(A),
Cr in MIL101(Cr), Cr in Pt- MIL101(Cr), and Pt in Pt- MIL101(Cr) (B), difference charge density of
Pt-MIL100(Fe)(C) and Pt-MIL101(Cr) (D), comparison of calculated DOS of MIL100(Fe) and Pt-MIL100
(Fe)(E) and MIL101(Cr) and Pt-MIL101(Cr)(F)*"

(C) and (D) Charge accumulation and depletion are shown in yellow and blue, respectively. Copyright 2023, the Royal Society
of Chemistry.

T LR M HKUST-1 A S IARZER , H XPS 45 20 Ni DL PR TR R AEAE , TN EFEA R . ZEBEA i rh
L 37 2% o0 10 mA/em® B A3 HL 0724 100. 03 mV, Tafel #1476, 90 mV/dec. Ni 25T AAEAEG 5% T
H AR B, AR T B 5 8%, T T HER 36 . Cheng 2554 i T NiFe £ MOFs 1 %% Mo #11 W B fh
FUFF AR, FEXTEANTH HER ISV T T X H, JErp 304 & #1125 MOF-Mog, Wy, . MOF-Mo,
FIMOF-W,, HAT B AL TG M, FR 358 10 mA/em® R (93 LA K 57 mV. (&1 8 &Rk i X 5
MG I 258 (XANES) RIEZE R, AT, Fe MhASREARLIEI8(A) |, Nith SR FFAZE K 8(B) ], UEH
SACs 55 MOFs 2 [A] (4 3 [ 2028 T B F Fe 510 B 2544, UL (9 TR AR O S5 BH 5 T v
TEVE Mo, B W, Z A K FAH AR A4 1“1+ 1527 (B RIRON; , i — 42T Tk iE vk B 8 (C)
(D).

35 4 Jm B T H MOFs 52 40 B U A 19 HER AL BT HRHE T — R i BB, (B2 T
AAETEPE RS EPE AR R 8 H BT R S AN S T 40, 75 BB 5 B MOF B4Rl s &
FEMIMOF £544 . AHELZ R, a1 $ i i A a7 18 JB B4 0 325 il 45 15 2 A 55 T MOF's 7128 4 ) B D14
A EA S ANOL S 0 HL SR St A AsE P, 78 HER SOw i HA T [ BT 5
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MOF-Mog,, MOF-W,, MOF-Mo,, W,,, and corresponding reference metal foils""

Insets show locally enlarged absorption edges. Copyright 2023, Elsevier.

22X MOF JEFpL 5~ f A R AR AL P S R PE BB T 1 B 45 XT FL . X T MOF BB i Ha fi Ak 57,
J - AR RE S AU <6 J v Lo 6 A W B RE ) AN TR R o, SR T AT Uiy RO BT P . J gt xof
MOF J: 5 rL AL R 25 A R Ag i e, O AR TE PR 28 AT 36 PyC S i I St @i fb ) . (Hil T
T PR I R [ 3k 5 e, 5 Rl Ak B 6 SR AR R A RS e AT A — o 258
Table 2 HER performance of hybrid catalysts in different reaction environments
Single- Loading Overpotential
Electrocatalyst ) Electrolyte . Tafel slope Stability Ref.
atom (mass fraction) (10 mA/em?)
NiRu, ,,-BDC Ru 0.13% 1 mol/L. Phosphate 36 mV 32 mV/dec Good stability with a negligible [57]
buffered saline current decrease after 30 h test
solution
Co-BPDC-Ru Sas Ru — 1.0 mol/L KOH 37 mV 73.22 mV/ Steadily work for 300 h at a (58]
dec current density of 10 mA/cm?
RuCo-CAT Ru doping 0.9% 1.0 mol/LL KOH 38 mV 32.1 mV/dec Current retention of 93.1% at [59]
10 mA/em? for 100 h
Colr-BDC Ir doping — 0.5 mol/L H,SO, 39 mV 35 mV/dec — [60]
(terephthalic acid)
MOF-MoSAWSA Mo W Mo: 0.43%, 1.0 mol/LL KOH 57 mV 82.4 mV/dec Only 1% decay in current densities [65]
W: 0.90% after a 50 h operation
%Cu(NH4)2NiMUGOZ4H6} Ni 2.93% 1.0 mol/L KOH 100.03 mV  76.9 mV/dec Slight increase in overpotential [64]

@HKUST-1

and slight decrease in the activity

after 48 h test

3
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BT R AR AL SO BAT R BB AR, (HO 2508 A S A R A RERRE AP A, &
G | BRAP R AR L ERRERE A A T 103k A . MOFs HoA 5 A WLBC AR i f A FLIE , R4l i
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