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Abstract

Atomically precise silver-based nanoclusters have become the research frontier in the field of nano-
materials and coordination chemistry due to their unique quantum size effect, adjustable electronic
structure and rich physical and chemical properties. The multi-coordination strategy of bidentate
phosphine ligands, thiol ligands and inorganic ions provides a new path for the precise regulation
of the structure, stability improvement and functional expansion of silver nanoclusters through the
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synergistic coordination effect. In this paper, the research progress of this kind of co-assigned silver-
based nanoclusters is systematically reviewed, and the future challenges and development directions
in this field are prospected.
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1. 5|8

AER, PO ORI R R 40K A B AN I 7 5 oKk (1 B AR AU AR &R, FEfiEfL, ZE
PIRdR AR ROt LA F S5 USRI T R MR P R F[1] [2]0 FErf, ARIEAURIEIZ(Ag NCs) R A J5URHK
AR Jer AN BT MEATE VRS R AR R SO0 S, e A RERERAL. EWfE
B I B R P AU R T L R R I 7 (3] [4]

T RGUKHIRER I RE R, A RE b2, o R AR R K AT TERE(S],  RIIC A fRir 2
SKLH AR AL S DI REAL R I AR O T B 6] - AR GBI A R K RAFAE R E VEAN A G R T2 4R FE B —
PEREDEAL B2 PRAF A0 A, ™ EH 20 T Ag NCs HISERRRLH[7]. SRR, 2 HLARIEHCAL SR Lo FEm%
ERmEE O EE, HAXCA BRI A BREE R S L T R PRI AL AR R R BUIC R . fildn, XU
Vi S AT ER A AL ORI T B AR A BR8] TEHL S S 28 T (1 CrO3 )4 51 AE 9L AR I L
i, DRSS HGET AR AR BIFR[O] BARTT S, XUk RO AR T I8 25 0 o A AR B 5 M I P, SR P A e
i 3o PR AT w8 BiAL, WL T AT 2 5 BRI 2 R O S B L P47 [10].

ARSI TR BB TUR s RGELRR XA B - 35k - TeHL R 7 = EE A bl 7] DR 7 R IR 40 K A 7
MBS AT AE . Z5H0 70 SR SR FEBE R, 15 AE N B R BRI S ROBERS HEBETE . S5 H iR = & h
RETF IR E IR S 5 LB A%

2. ECiERIEChIRs 1

WA SR ST T R AR A S AR, AN S RN AR B E R,
PrEAE AR AR E . ThBEALRIE PR AR R R 2 —

2.1. Wik REEC &

Rk [ 44 (Diphosphines, Lo) & —ZE & PN P FOAL R 7 G B4Rk, 18ACH RoP-(CHo)n-PR,, $7!
RZE 4 dppm (n= 1)~ dppe (n=2). dppp (n=3)[11]-[13]. %A AEIEE RIS SHEAES: I P R
TAIAI SERAEZ A Ag JRFECAL, B R E S-S (W dppm #4)%E DY TTHR) BRI B S50, AT i 2 4
THRIEGK BB JR R 2 RaE I, GREH] Ag R F7EGRh R R 50TvE, DR %) w4
FgE[14]. FERT RS, PIRTAERNM o-fik, M Ag FIZHUEMS BT, FTiERKES AgY/Ag”
REME, MR a5, e R SRSk SRS b, X0 B e I R A )R]
WPE: I8 SRR R FE (n) R EHCRER (R AR S 254, RS v R Ak 1) 23 (Rl P S5 RO A A B2, A
T SEBLN FH R SF B 3R T T 1 7 A B B AU E S [ 15]. Fei 25 NTESER AR H, XU B BC A ) 253
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I8 6 S 3 484 R A R A A A E P, e R T R R S A (R AL R, SBR[ A e R A A S A
S HETRE[16]. FL8E dppm S R R/IMZEE, TKHE dppb WA H & K% F#%, 41 Duan 55 AARIET
Agrs(dppb)s(MoO4)s [17]6

2.2. HEELF

FiFEBLAAK (Thiolates, SRY)AZMRYNK F R ix & I LRy LR, Himid Ag-S MEMRIE F45E, Ak
200 kJ/mol) &35 =T Ag-P ##(%) 150 kl/mol), KbgEm SR E T, KIEHET HIELE 2R AE 1
FE (18] TERCAIE b, SREERCAR TR A -0y - XM 13- —WF 2 pua-DURR S5 2 Fh 07 %% Ag 5
T, IWIMAEE IR Ag-S BEE, F&BIFERNS 2 FENE[19]-[21]. #eAb, 8 U250 5 B HE 1 7 (8] o7
FH -5 H RS —— e (I -+ i BE CioHosSH) 75 CRIREY CeHsSH) £ Wl b 2 (& NI KEiR EE CioHisSH)
SEANFUREE, WA RORPE BRI R A Fe 850 KORG8 T A BRI LLA X)) [22]. (HER—5
BCAREE I BRI —J7T, Ho SBUAERIEAZE S, REEYEA A REE; 5—J7H, Ag-S#
(R iR B A A AT A9 G A4 S8 i L BRI T AR 1) J5 Th REAUAB AR 23] [24]. BHXTIX— o), R ZES
A T A L BC A7 B S ] A A A BB RER, B0 Kumar 25 NSRS ) RS ERRER (97 Agy B1F%, ([H5%
w T2 H SV EEAAER, I\ 8 S50 S IR R [25].

2.3. THEF

TEHUES TAEARGUK MR (SR RO AR R AR B R ok, ANUFIHE e By DAl
VERBARIR A B N S, 75T Ag R T BISHA FPHEs, ] R RSF S5TAR, 3 —1F Ryt
BERE[10]. 1996 £, HUKIGE 1 CUAEIR IVERARSE ), 15 2 70 b 38 1 i SR AR L e B AT 28U h
RE[26]. LK, #0 TCHLES T-(A1 PE,; « SbF, « CIO, )R AE Jyfifli i 5 vh AN K IE s, RS b, {2
BERERAER S 0 B [27]. ERCAT R, N T oy us RS Ag JRT R AERFBCAL, EHE Ag-
S B Ag-P 5K T8, HMRPIRIIAEHINITE. BEAk, s B IR v T R BT R R . ROt E T
KR IEFRE28]. Li S5 AHOE T KR B F(CL, Br, DIEB A &9k RS o S mfEH, K
B3R TR 5] AR S MR AT S Ao B 291

2.4. ZREEHHEIER

XU BEIC A BREERC A S TEHLES 1 = K e b [, Sl 1 f— e A4 R X LR B ) Pk e
TH30Te ASREVE TS THT  FRAEBCIR 198 Ag-S B+ XA BRHC 1A R M PE AR IR S TE WL 1 O S5 A SCHEAH AR 78
W2 ERE ML, TR PRIAFE AL IRIR . ST, JEHLE T BN E A5 %
BRI T HEAT, O B A i 22 (R AL P20 R BT RT - SR C A i 2t A A2 ) AR 0 5, SRR
B T BRI RIS AR . DOREOCATT T, 00U BRIC A48 5 o 7 S5 A LARE A BE R AT, SRR CAA
FLAERERAOCYERE, TONLE TS R I R S YA S AL R, W RIS TH R A AL S5
MR EPERE

3. Wik, HESTHETHECH Ag BHKARR 3%
3.1. BERB Ag KA

2021 %, Shen EAXLLHIF T A = AR LR Ag 99KHE#%E[Agi(PrS)e(dppb)s > (Agn)5
[S@Agis(BuS)i2(dppb)s]”™ (Agis). P 34 HH Nk AL A4 dppb B s X — ATEE 28, 1H Agis 45 2
— A STEHES TR . SRR 5N R BT Ag-Ag Al Ag-S BEK, HSHHABEHY R, HiES
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LZhEEAs

PR — 4 J&8 1) B 4 7 (TMCT), fii HOMO-LUMO REBRM 3.92 eV (Agi)Zi/NE 3.31 eV (Agis). HEUK
FMRE R, Ag 7E 660 nm ALK 5, T Agis LA 716 nm, £LF53E 56 nm. AL, Ag 7B SRR
PR, Agis WIFE R AN R B K ARG 1) [31].

Figure 1. The crystal structure (a) and core structure (b) of Agis cluster [31]
Bl 1. Agis BIRRRY SRR 4548 (a) R R RAREEH(b) [31]

2022 4, Xia S5 ANARIE T F A B XU B BC A& (dppm, dpph, dppp)-53i e (PrS™, BuS )JL [F fR4 (14
YUK B5%E, FE ARG T S RS, [AgS]P, SO2 )N HAE I Zm . For, 7% 1 (Agni(PrS)e(dppm)s)
BEEMIVER, B C-H-n MEAEH LR 4RI . BIFE 2 F1 3 (S@Age) WML 51, Wi
B QPR DX AN AE T X [ Bc A4 AN [ 5] (dpph vs dppp)» 7% 4 (AgS:@Agas) NAETI 5, 225 [ AgSa]P
BM . % 5 ([SOs@Ag]n)E % SOL AT, i8It dpphS, BCIRMFIEL K —4EBEIRGE M . R IR E
B, A E1#E 1 RO B2 RO RE(E 2 658 nm, ¥ 670 nm), VAR T FEEE dppm B4 ) KIH: 45 # 40 il
T AR RIE32].

3.2. Ag-Au A & KEARE

[Au;Age(SR),(Dppf);Cl]° [Au;Ags(SR):(Dppf);ClJ*

Figure 2. Crystal structure diagrams of Au7Age-1 and AurAge-0 [33]
2. AurAge-1 F1 AurAge-0 BIZEH[E][33]

2023 4, ZHOREEAGH N RS ALE R R R T B AR B TR Aus BIE, XS ARR S
MR, P RAA TR Mo 45K, (5 Au 1 Ag JRTRIATT AR AusAge-1 a8 R T
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Ha

BRI, R Ags . AwAg ZM Aus AR Z)Z4EM); 1 AwsAge-0 1 Au/Ag A AKTFR, SR
OOXFFRPE PG . FCAR A A2 52 . AwrAge-1 =AY C;HANOS BifAiEd S-Ag il N-Ag #4A, 1
AwAge-0 THWANERNGEL S-Ag #4 . DFT 1FE#E— KM, AwAge-1 FBIRFHIERIFE ST
AusAge-0 (MLIE] 2)[33]. 2025 4, Ma %5 N fikiE i o am i i i _E OB s ik, iy 1 AusAgs
YUK R FBERLAR S Ag 2 (IR S RE, SEEL T 0 FALSE CO, IE SR AR ME IR vl d ], (36 R 7
FEMILF 0 BEIME] 23% [34].

3.3. Ag-Cu &S HKEAE

2022 4E, ZEORSERIEINBIRBH R G 7T T Cu> B TAER YK 7% [ Agas(2,5-DMBT) 14(DPPF);]*
SRMEATEER, WA T Cu? TERIB UK AR A RS 250 T IR FEAR AT . R, 4
Cu IR INEAEIT 0.5 MER, HAEABIERN, EANE A HERMFTIR T, A &Pk A%
[Agos xCux(2,5-DMBT) o(DPPF)s]*. 4 CO? IS INEIGINE 1 M&N, HAENAMFESFEWES, ERE
BB 7 45K B [Agar—Cux(2,5-DMBT) 12(DPPF)4Cl]?* o #E— 45 A SL 56 (A0 Ho05 B Si02/00)iESE |
Cu* HJEAMAEH . FHELZ R, Cu® Ml Cu' TR H SE WAL, X Cutrf SEMB A . &% TAEB T Cu NS
RREAE Ag EGUKPBIIES S 545 M b SRR ER, NERARE XS 8 9K R I T2 L 5 45
PRI A Rt 7 BRI 3) [35].

(a) ®) ., @

I == <

I M} U
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Figure 3. (a) ESI-MS spectrum of the Agz-xCux NC; (b) Framework structure of Agz-xCux; (c) Agio core consists of two
pentagonal dicones sharing a tetrahedron; (d) Agz—xCuxCliSiP2 unit; (¢) Four Agi(SR)2 motifs [35]

[& 3. (a) Ag2axCux NC B ESI-MS iE&E; (b) Agn-«Cux BIHEZRZEM; () Agio AZHAENHEA—MUE AR B F R sELE
s (d) AgoxCuxCLiSIP2 B7T; (o) U4 Agi(SR): E/F[35]

B bk B RACER b, AR U I TC 14« SR TC i 5 TE ML 7 JLE 5 & ) Ag ZRAKHIR
RIEHZAEGER, WM HeE Ag. Ag-Au & Ag-Cu B&AR. NRGEI LUK CARIE K P %24
S ERALFNR LG RIRE, A SO IR SCIREEAT T RN B, 10k 1 PR,
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Table 1. The reported Ag-based nanoclusters formed by the co-association of bidentate phosphine ligands, thiol groups and
inorganic ions

F 1. SRENNEREE. HESEINETFHER Ag BHKE%

KA I LES Ei) SV SCHR
[Ag7s(‘PrPhS)so(dppm)10Clio]** [36]
[Ag25(SPhCI)16~Cl(DPPB)s]** [37]
[Ag27(SAdm)12(DPPP)2(F3C202)6] [38]
Agi15S34(SCH2CsHa'Bu)a7(dpph)s [39]
[Ag22(DMAT)s(DPPM)4Cls]>* [40]
Ag26(SPh>5CF3)15(DPPF)Cls [40]
ne [Ags0o(DMAT)i2(DPPP)4Cls]>* [40]
Ago('‘BuCsHaS)s(dpph)3(NO3)2 [41]
Ago(‘BuCsHsS)7(dpph)3(Mo207)o.s [41]
Agia(pntp)io(dpph)4Cla [42]
[Ags2(Dppm)s(SAdm)13Cls]** [43]
[Agas(Dppm)s(S-But)16Bri2]** [43]
[AusAgs3(dppD)2(SR)16Cls]* [44]
[Aui9Agi2(S-Adm)s(DPPM)sCl7]* [45]
Ag-Au
AunzAgeo(S-c-CsHin)31Bro(Dppp)s [46]
AusAgi2(SAdm)s(Dppm)sCls [47]

4. Wik, FESTHETIECH Ag BNKFARKNA
4.1. RAS5HBB[/BENA

2017 4, Li % NEIE 5N S2. MoO] + Mo, 0%, A [F R85 LR B T8 F AR, & R T %L
JLHETE 18 & 46 Z I RVVRAE. Hrp, SHUMRIN+ ) UZH % [S@Agis(BuCsHaS)16(dppp)s] (H17% 1)TE
s TR SR S5 ROCHEAEEAT N IR LA 690 nm JHE IR R S N E(E T 775 1.6%), KR
FE&BEF ORI = EEKE; KE®S K, T 585 nm AbHILE ZH 58 ECA - &8 BT (LMCT) R
G, FIRMEEE R FIEIEFE R 677 nm. ZKIR IR I GAERE R BTN, 7T B TIRIE TR BT
Mhest 2R, thah, MoO? Bt Ak i) —+IU % H# [ MoOs@Ag24(MeCsHaS)12(dppfs(MoO4)s ] (5% 4)7E
CIE R R AR E R e, XU ARr 431 B W T A T T RS I, 2 B2 BH B A SR T
FRAT R RESE R, LA VAOIN T A H B 1 ST 0[48] .

2019 £, Khatun 5 AJRE 7 —Fl by XA BB dppe A1 2,5- — FRIE SRR EY SL R R 11 Agan 91K B1#%
[Ag2(dppe)s(2,5-DMBT) 1CL*, %R EA 7 W) Agio PR (FH /N8 BLEFE N Ags Wi7s = f BUHE LI
M)A 4 B BT, ERMER LA A& ISP R F 7522 ROBMERem iR, %M
TRV AT B A R I6HES, 1SS T BT AUAR N C-He -z Al - IR AH EAE T, HROk
SRR T AR 12 1%, RSERLT 670 nm 206X, S BSR4 55 S RO Il G (& 4)
[49].
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Luminescent [Ag,,(dppe),(2,5-DMBT),,CI, ]2 Superatomic orbitals

crystals x ‘

Ag,, core

i
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Figure 4. Single crystal structure and luminescence properties of Agz: clusters [49]

[ 4. Ago FIFRHY B RS B & S M RE[49]

Ag.,(dppe),(2,5-DMBT),,Cl, outer shell

4.2. HEWLNA

2023 A, 22 BRI I AR UR A AOE 1 [AurAge(C7HaNOS)4(Dppf)sCl]0 (AusAge-0) Fil
AurAge(C7H4NOS)3(Dpph)sCl (AusAge-1), 4 H 537l 51 F T 1EME IR (AusAge-0/C, AusAge-1/C), MHT 0.1
mol/L KOH Bt Z51F 1) ORR FEAEALIIIA . HALZEINRE B, AusAge-0/C Fl AusAge-1/C 1] CV U HLLL
SPZIN 059V, 0.61V, WEHIREE N 6.38 mA-cm™2, 5.38mA-cm2, LSV iIAHAI N 0.79 V. 0.77V,
HAAIIFREER 1) AuzAgs-0/C ORR MEALIEPETEAL . RDE st K-L M ATiEsE, P33 E 28 E VY H
¥ ORR 12 (FE TR B n 73514 3.81~4.08. 3.85~4.12); DFT 5K, MALIEIEAL S AL T Dppf Flik
ST, OOH*H [T ileidiia b, HH HAE2 2 5(0.635 eV vs 0.658 eV)-5 5L I8 yE 45 L — 2331,

e AN
4ie

Ao L
— Ag2Cu,,@C-CO, 701~ (Agcu),@c
=0 — Ag,Cu,,@C-CO, 60 (AaCu,@C «
B0 —Ag,Cu,@cco,| ¥ 50 » iu' I -
Ch %
< of 40 || » aﬁe.
E-30 w30 -
- 20
-40 =
10{ "W
-50 0
1.2 -09 -06 -0.3 0.0 0.3 06 0.7 -0:8 09 1.0 11
c) Potential (V versus RHE) D) Potential (V versus RHE)
-0.60
0.06]| o Ag,Cu,@C o Ag,,Cu,,@C
—~0.05 » Ag,Cu,,@C ,—.“065 5 @ Ag,Cu,@C
':'E . a Ag,;Cu,,@C 2_ 0.70 » Ag,,Cu, @C
5 0.04 =0
< =
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2 °
<0.02 o -0.80
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Figure 5. LSV curve (a), CO Faraday efficiency (b), the relationship between capacitance Aj/2 and scan rate (c), Tafel slope

diagram (d) in COz saturated

[& 5. CO: 1% 0.5 mol/L KHCO: i& i LSV BiZk(a), CO ERIEIED), BE Aj2 SRR EER(C), Tafel

FARE(d) [50]

20 40 60 80

Scan rate mV s™)

0.5 mol/L KHCOs solution [50]

02 00 02 04 06 08 1.0

Log [j(mA cm?)]

DOI: 10.12677/ms.2026.165122

294


https://doi.org/10.12677/ms.2026.165122

17 =gAN

2025 4, ZRURSARFBEMBIF IR A INIE K Ag-Cu WEBAKHE % AgaoCuio(Dppm)a(SAdm);4Cls,
7E NaSbFs 55 N E AL 2 T8 JE T Bl % [AgsCuin(Dppm)s(SAdm)sCls >t 5 8 HEL T i - [ 7%
[Agi7Cuis(SAdm);3(Dppm);Clo]?*, FARF T = 7E 0.5 mol/L KHCO; Hf# H ) CO.RR HLfiE(LTERE. LSV
MR B, AgooCuro i S : —7.5 mA-cm™ Fid 47 9-0.397 V (vs RHE), fL T Agi7Cuis (—0.454 V),
AgsCui (—0.556 V); —0.7~—1.1V (vs RHE)IX [i], F£ CO yhHi B ACEH = 70.8%, Agi7Cuiss AgsCuiz 737
4 59.8%. 52.7%, FEYIIILL COL Ha N, TCBHRAH Y EIS 7R AgaoCuio U F5F% HL I, Cdl
A 0.518 mF-cm 2 (AgsCuia {1 2.527 £ Agi7Cuys [ 2.252 %), Tafel £ % & /N; DFT i+5H CO,— *COOH
AE221Y 0.74 eV, IEPELL ST S iE AL CO (ML 5) [50].

4.3. RELNH

2021 4, Yan %5 NG ROGFMNT 1 IREE - BERCAR SRS 2 I JE TR B ER 4K 1 7% Agos(SR)16(DPPE)4Cla,
HEH Agis ZIREBENZ. 8 TR Z4M R ZZIRFE, 426 nm Fl 443 nm FRFERIIE, 25
BN AR — 4. W H AT TIO M E GO, 6 wt.Y%m M 7 EkE T KB a IR Z0d %
1% 2006 pmol-g '*h™!, 340 TiO, 1 16.2 £5. Agas/TiO2 1) 6.5 155 Agae/TiO2 HAf e # HABHAR . i+
SRR, AIIEIR 5 R HOESORIR 14 h iR, BRI AR TR T A RE (LA 6)

0 100 200 300 400 4 8 12
Time (min) Time (h)

[51].

(@~ . b)~ =
£ 2000 {——Ag,/TiO, """ 2000 165
o : o £
= 1500_—-—AgzslT|O2 [ ]
E ——TiO, 5 1500+ L128
2 £ £

i =

5 1000 . < 1000+ . @
© .g ~§
S 500 3 2
g /////////,J 3 500, L4 B
bt = £
O : . 4 & rps 11 =
T 0 20 40 60 T TIO, Ag,/TIO, Agye/TIO, 2
Time (min) Catalysts ©

(C) Cycle (d)‘:-\ 32 3

~ ycle 1 . [e)

° £ 24

£ 1500 / €

=3 ~

g10004 [ | / / S i ////)
= [$}

3 500 / | [/ 3 8 /

5 i [ | ¢

o O-f/ a/ : s 2 Q‘:‘ O-T

T = b

Figure 6. The hydrogen production performance of TiO2, Ag26/TiO2 and Agas/TiOz by solar energy (a), the enhancement effect
of photocatalytic activity (b), the recyclability of hydrogen production of Ag26/TiO2 (c) and the stability of continuous illumi-
nation for 12 h (d) [51]

6. TiO2v Agx/TiO2 1 Agos/TiO2 BIKPRRERISIERE (), FAEWIEMILIRHIR(D), Ag/TiO: RIHIS AT BB (o) R IE
SE5EER 12 h BIFREME(D) [51]

4.4. RRMEHARAMERERILL

N DR B SR S TN TILC K Ag FEGK BIERIMROR R, o lIRee — R R ) 5 B
PE, A HR R N AT AT b G5 A BT . PR REROE S B AR LRI, 0 HOb 22 S A 1 REHEAT M)
XFE, FRRA DT R EEREZ R I EIRIR, a0 2 .
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Table 2. Performance comparison of representative Ag-based nanoclusters

F 2. KRN Ag BRHEFRRIIERERTEL

Ei)73 SRR R PERETETR R

Agn ToAEAR RPN 660 nm

Agis STHEAR RSN 716 nm

Ag» Agio BAE N I 55 Al AR E A 98 12 1%
AurAge-1 XK M #% ORR 2 4f#Ar 0.77V
AurAge-0 ARHE M1 #% ORR #2455 HLf7 0.79 V
Ag2Cuio Cu B¢ CO LR 70.8%

Ag Agis ERX Mraidiz 2006 umol-g !-h™!

ML AR E BEXT LR DATE XA B - 32 - TEHLES 7RIk AR rh, TR B it r e i
R e A2/ B/ HOMO-LUMO RERR. RIEAOCEK, RS S AR A LA FH e % 5l 25 4
BRIERIT . $RTHROCRER, BRI FRIE AR & B & S AR B TA0AG b IRl R IR B B2 e AL
S EENE, T =JuBC AR S 2 5 ORI W 46 T AT A R0 o AR A AL I R AR e 1. BMAORE
TN TR RGN BB IXIRIE L & R B R R 12 2R B 0 22 S A VE RE A S B 4h
FERIZR, H AT SR SO0 LA AR A S5 40 S PEREIRE N T2, RGP E BRI R AA itk — P 57,

5. RESRE

MV SiHE 5L T = e RO SRS, MR T RE Ag SEAUR IR IS MRS HE T . R EVEIRTTH S
Difeta IR At T EELAR, MRRIFRAELOL. ML SO SE GURR I H R 4P AN I . (5 F AT
SUSRAAR A T YRR B, CRGERIFRA MR G IR Sek 2k, BRI SR8
A, AR RS S T IR S BE B . TR AR RIS R R R, IR AR R LU AR S A
AR — AN LB AR R T IR A RO, SEIL = e AC Ag FEGUK BRI AL W TR A%
TR N A R S AR S A TRALAT v an s S T S AR E s =R Al SR T AR
W32 D Re BB AR RE: DU Anf] [ B Ag-Au/Ag-Cu &40 5 = okt FALH], 785 F/KFA
HEVEE HEALIEFE (T CORR 1 CO 5 HIR/CH, I 73 ii0) o ARKRBTFURR A BIR W8, FEW & B 3has
BU] S i3 S ohReti il ESEIU M, HESIZIR AR MR TOE MBI L . YRR, ol T EE
P25 U S PR B o

SE

[1] Yao, Q., Zhu, M., Yang, Z., Song, X., Yuan, X., Zhang, Z., et al. (2024) Molecule-Like Synthesis of Ligand-Protected
Metal Nanoclusters. Nature Reviews Materials, 10, 89-108. https://doi.org/10.1038/s41578-024-00741-7

[2] Matus, M.F. and Hikkinen, H. (2023) Understanding Ligand-Protected Noble Metal Nanoclusters at Work. Nature Re-
views Materials, 8, 372-389. https://doi.org/10.1038/s41578-023-00537-1

[3] Goswami, T., Bheemaraju, A., Sharma, A.K. and Bhandari, S. (2021) Perylenetetracarboxylic Acid-Incorporated Silver
Nanocluster for Cost-Effective Visible-Light-Driven Photocatalysis and Catalytic Reduction. Colloid and Polymer Science,
299, 925-936. https://doi.org/10.1007/s00396-021-04813-w

[4] Gonzalez-Rosell, A. and Copp, S.M. (2024) An Atom-Precise Understanding of DNA-Stabilized Silver Nanoclusters.
Accounts of Chemical Research,57,2117-2129. https://doi.org/10.1021/acs.accounts.4c00256

[5] Ding, X., Zhang, C., Shi, L., Wang, J., Yang, X., Zhang, L., et al. (2024) Synergistic Coordination of Diphosphine with
Primary and Tertiary Phosphorus Centers: Ultrastable Icosidodecahedral Agso Nanoclusters with Metallic Aromaticity. Sci-
ence Advances, 10, eads0728. https://doi.org/10.1126/sciadv.ads0728

DOI: 10.12677/ms.2026.165122 296 PR R


https://doi.org/10.12677/ms.2026.165122
https://doi.org/10.1038/s41578-024-00741-7
https://doi.org/10.1038/s41578-023-00537-1
https://doi.org/10.1007/s00396-021-04813-w
https://doi.org/10.1021/acs.accounts.4c00256
https://doi.org/10.1126/sciadv.ads0728

17 =gAN

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Zhang, S., Liu, R, Zhang, X., Feng, L., Xue, Q., Gao, Z., et al. (2021) Core Engineering of Paired Core-Shell Silver Nanoclus-
ters. Science China Chemistry, 64, 2118-2124. https://doi.org/10.1007/s11426-021-1060-3

Xu, C., Yuan, Q., Wei, X., Li, H., Shen, H., Kang, X., et al. (2022) Surface Environment Complication Makes Agzo Nanoclus-
ters More Robust and Leads to Their Unique Packing in the Supracrystal Lattice. Chemical Science, 13, 1382-1389.
https://doi.org/10.1039/d1sc06002¢

Anson, C.E., Eichhofer, A., Issac, 1., Fenske, D., Fuhr, O., Sevillano, P., et al. (2008) Synthesis and Crystal Structures of
the Ligand-Stabilized Silver Chalcogenide Clusters [AgisaSer7(dppxy)is], [Ags20(StBu)soS130(dppp)12], [Ag352S128(SCsHi1)ss],
and [Aga90S188(StCsHi1)114). Angewandte Chemie International Edition, 47, 1326-1331.
https://doi.org/10.1002/anie.200704249

Zhang, S., Alkan, F., Su, H., Aikens, C.M., Tung, C. and Sun, D. (2019) [Agas(C=C'Bu)20(CrOa4)7]: An Atomically Precise
Silver Nanocluster Co-Protected by Inorganic and Organic Ligands. Journal of the American Chemical Society, 141, 4460-
4467. https://doi.org/10.1021/jacs.9b00703

Wang, Q., Lin, Y. and Liu, K. (2015) Role of Anions Associated with the Formation and Properties of Silver Clusters.
Accounts of Chemical Research, 48, 1570-1579. https://doi.org/10.1021/acs.accounts.5b00007

Villalba, F. and Albéniz, A.C. (2025) Understanding the Ligand Influence in the Multistep Reaction of Diazoalkanes with
Palladium Complexes Leading to Carbene-Aryl Coupling. Organometallics, 44, 394-402.
https://doi.org/10.1021/acs.organomet.4c00439

Hilliard, J.S., Murray, D.J., Saha, A., Goldberger, J.E. and Wade, C.R. (2025) MoF-Supported Diphosphine Ligands for
Iridium-Catalyzed C-H Borylation of Arenes. Inorganic Chemistry, 64, 7127-7136.
https://doi.org/10.102 1/acs.inorgchem.5c00523

Bhowmik, M.L., Al Mamun, M.A., Nesterov, V.N., Sarker, J.C., Kabir, S.E. and Hogarth, G. (2025) Cyclic Metallophos-
phines via an Unexpected Series of Metal-Mediated P-C and C-C Bond Rearrangements. Inorganic Chemistry, 64, 19520-
19524. https://doi.org/10.1021/acs.inorgchem.5¢03677

Beliaeva, M., Belyaev, A., Korhonen, H., Mrozek, O., Janis, J., Steffen, A., et al. (2026) Acid-Base Interactions in Lumi-
nescent Silver(I) and Gold(I) Complexes with Phosphine-Phosphinate/Phosphinite Ligands. Inorganic Chemistry Frontiers,
13, 511-524. https://doi.org/10.1039/d5qi01622¢

Zhang, S., Li, H., Appel, A.M., Hall, M.B. and Bullock, R.M. (2020) Controlling P-C/C-H Bond Cleavage in Nickel
Bis(diphosphine) Complexes: Reactivity Scope, Mechanism, and Computations. Organometallics, 39, 3306-3314.
https://doi.org/10.1021/acs.organomet.0c00388

Fei, W., Tao, Y., Qiao, Y., Tang, S.Y. and Li, M.B. (2023) Structural Modification and Performance Regulation of Atom-
ically Precise Metal Nanoclusters by Phosphine. Polyoxometalates, 2, Article 9140043.
https://doi.org/10.26599/pom.2023.9140043

Duan, G., Han, J., Yang, B., Xie, Y. and Lu, X. (2020) Oxometalate and Phosphine Ligand Co-Protected Silver Nanoclus-
ters: Ag2s(dppb)s(MO4)4 and Ags2(dppb)12(MO4)s(NO3)a. Nanoscale, 12, 1617-1622.
https://doi.org/10.1039/c9nr07779k

Marchioni, M., Battocchio, C., Joly, Y., Gateau, C., Nappini, S., Pis, L, ef al. (2020) Thiolate-Capped Silver Nanoparticles:

Discerning Direct Grafting from Sulfidation at the Metal-Ligand Interface by Interrogating the Sulfur Atom. The Journal
of Physical Chemistry C, 124, 13467-13478. https://doi.org/10.1021/acs.jpcc.0c03388

Tian, Z., Song, C., Wang, C., Xu, H. and Guan, Q. (2020) Structures and Properties of [Ag(Ag2S)a]" Clusters with N =

1 - 9: A Density Functional Theory Study. Journal of Nanoparticle Research, 22, Article No. 161.
https://doi.org/10.1007/s11051-020-04880-0

Ma, Z., Ren, Z., Dong, X. and Pan, F. (2025) Thiolated Disc Nanoclusters with Pseudo-6-Fold Symmetry. Inorganic
Chemistry, 64, 11370-11379. https://doi.org/10.1021/acs.inorgchem.4c05540

Huang, R., Dong, X., Yan, B., Du, X., Wei, D., Zang, S., et al. (2018) Tandem Silver Cluster Isomerism and Mixed Linkers
to Modulate the Photoluminescence of Cluster-Assembled Materials. Angewandte Chemie International Edition, 57, 8560-
8566. https://doi.org/10.1002/anie.201804059

Biswas, S., Das, S. and Negishi, Y. (2023) Progress and Prospects in the Design of Functional Atomically-Precise Ag(I)-
Thiolate Nanoclusters and Their Assembly Approaches. Coordination Chemistry Reviews, 492, 215255.
https://doi.org/10.1016/j.ccr.2023.215255

Wang, Y. and Biirgi, T. (2021) Ligand Exchange Reactions on Thiolate-Protected Gold Nanoclusters. Nanoscale Advances,
3,2710-2727. https://doi.org/10.1039/d1na00178g

Chen, Y., Bian, G., Wu, Z. and Tang, Q. (2025) Revealing the Exchange Kinetics of Thiol-Capped Auzs Nanoclusters with
Alkynyl Ligands. Chemical Science, 16, 18748-18765. https://doi.org/10.1039/d5sc04701c

Kumar, P., Khirid, S., Jangid, D.K., Nishad, C.S., Chauhan, P., Kumari, P., et al. (2024) Dithiophosphonate-Protected
Eight-Electron Superatomic Agzi Nanocluster: Synthesis, Isomerism, Luminescence, and Catalytic Activity. Inorganic

DOI: 10.12677/ms.2026.165122 297 PR R


https://doi.org/10.12677/ms.2026.165122
https://doi.org/10.1007/s11426-021-1060-3
https://doi.org/10.1039/d1sc06002c
https://doi.org/10.1002/anie.200704249
https://doi.org/10.1021/jacs.9b00703
https://doi.org/10.1021/acs.accounts.5b00007
https://doi.org/10.1021/acs.organomet.4c00439
https://doi.org/10.1021/acs.inorgchem.5c00523
https://doi.org/10.1021/acs.inorgchem.5c03677
https://doi.org/10.1039/d5qi01622c
https://doi.org/10.1021/acs.organomet.0c00388
https://doi.org/10.26599/pom.2023.9140043
https://doi.org/10.1039/c9nr07779k
https://doi.org/10.1021/acs.jpcc.0c03388
https://doi.org/10.1007/s11051-020-04880-0
https://doi.org/10.1021/acs.inorgchem.4c05540
https://doi.org/10.1002/anie.201804059
https://doi.org/10.1016/j.ccr.2023.215255
https://doi.org/10.1039/d1na00178g
https://doi.org/10.1039/d5sc04701c

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Chemistry, 63, 13724-13737. https://doi.org/10.1021/acs.inorgchem.4c02062

Horita, Y., Ishimi, M. and Negishi, Y. (2023) Anion-Templated Silver Nanoclusters: Precise Synthesis and Geometric
Structure. Science and Technology of Advanced Materials, 24, Article ID: 2203832.
https://doi.org/10.1080/14686996.2023.2203832

Bowmaker, G.A., Effendy, Nitiatmodjo, M., Skelton, B.W. and White, A.H. (2005) Syntheses and Structures of Some
Adducts of Silver(I) Oxyanion Salts with Some 2-N,O-Donor-Substituted Pyridine Bases. /norganica Chimica Acta, 358,
4327-4341. https://doi.org/10.1016/j.ica.2005.04.002

Ge, R., Li, X. and Zheng, S. (2021) Recent Advances in Polyoxometalate-Templated High-Nuclear Silver Clusters. Co-
ordination Chemistry Reviews, 435, Article ID: 213787. https://doi.org/10.1016/j.ccr.2021.213787

Li, Y., Liu, Z., Liu, W., Yuan, Z., Yang, P., Xu, J., ef al. (2025) Halide-Directed Ligand Engineering Enables Expedient,
Controlled and Divergent Syntheses of Diphosphine-Protected Au Nanoclusters. Small, 21, Article ID: 2500189.
https://doi.org/10.1002/sml1.202500189

Du, Y., Sheng, H., Astruc, D. and Zhu, M. (2019) Atomically Precise Noble Metal Nanoclusters as Efficient Catalysts:
A Bridge between Structure and Properties. Chemical Reviews, 120, 526-622.
https://doi.org/10.1021/acs.chemrev.8b00726

Shen, Y., Zhao, P., Jin, J., Han, J., Liu, C., Liu, Z., et al. (2021) A Comparative Study of [Agii1(‘PrS)e(dppb)3]** and
[Agi5S(BuS)12(dppb)s]*: Templating Effect on Structure and Photoluminescence. Dalton Transactions, 50, 10561-10566.
https://doi.org/10.1039/d1dt01111a

Xia, Y., Fang, J., Xia, X., Liu, Z., Xie, Y. and Lu, X. (2022) Silver Clusters Coprotected by Different Diphosphine and
Thiol Ligands. Crystal Growth & Design, 22, 5658-5665. https://doi.org/10.1021/acs.cgd.2c00744

Zhou, M., Li, K., Pei, Y., Jin, S. and Zhu, M. (2023) Effect of Specific Heavy Doping of Silver Atoms into the Icosahedral
Auis on Electronic Structure and Catalytic Performance. The Journal of Physical Chemistry Letters, 14, 11715-11724.
https://doi.org/10.1021/acs.jpclett.3c02884

Ma, A,,Li, Y., Zuo, Y., Zhang, S., Wang, Y., Ren, Y., et al. (2025) Atomic-Level Insights into the Synergistic Effect between
Ligands on Electrochemical CO2 Reduction: Based on Au7 Ags Series Nanoclusters. Rare Metals, 44, 4691-4700.
https://doi.org/10.1007/s12598-025-03267-1

Wang, S., Tan, Y., Li, T., Zhou, Q., Li, P., Yang, S., et al. (2022) Insight into the Role of Copper in the Transformation of
a[Ag2s5(2,5-DMBT)16(DPPF)3]" Nanocluster: Doping or Oxidation. Inorganic Chemistry, 61, 18450-18457.
https://doi.org/10.1021/acs.inorgchem.2¢02655

Zhang, W., Liu, Z., Song, K., Aikens, C.M., Zhang, S., Wang, Z., et al. (2020) A 34-Electron Superatom Agzs Cluster with
Regioselective Ternary Ligands Shells and Its 2D Rhombic Superlattice Assembly. Angewandte Chemie International Edi-
tion, 60, 4231-4237. https://doi.org/10.1002/anie.202013681

Jing, M., Kuang, K., Fang, C., Zhou, C., Li, Z., Chen, S., ef al. (2024) Structure-Dependent Photoluminescence and Chem-
iluminescence Emission Enhancement in Agzs Nanoclusters. Advanced Optical Materials, 12, Article ID: 2400940.
https://doi.org/10.1002/adom.202400940

Liu, J,, Fang, C., Kuang, K., Zhou, C., Li, Z., Ma, W., et al. (2025) Anions- and Solvents-Triggered Reversible Intercon-
version in Silver Nanocluster and Their Assembly. Inorganic Chemistry, 64, 23157-23165.
https://doi.org/10.1021/acs.inorgchem.5¢03082

Bestgen, S., Fuhr, O., Breitung, B., Kiran Chakravadhanula, V.S., Guthausen, G., Hennrich, F., Yu, W., et al. (2017)
[Ag115S3a(SCH2CsH4'Bu)a7(dpph)s]: Synthesis, Crystal Structure and NMR Investigations of a Soluble Silver Chalco-
genide Nanocluster. Chemical Science, 8, 2235-2240. https://doi.org/10.1039/c6sc04578b

Ma, X., He, S., Li, Q., Li, Q., Chai, J., Ma, W., et al. (2023) Motif-to-Core Nucleation in a Decahedral Evolution Pattern.
Inorganic Chemistry, 62, 15680-15687. https://doi.org/10.1021/acs.inorgchem.3c02467

Li, X., Su, H., Zhou, R., Feng, S., Tan, Y., Wang, X, ef al. (2016) General Assembly of Twisted Trigonal-Prismatic
Nonanuclear Silver(I) Clusters. Chemistry—A European Journal, 22, 3019-3028.
https://doi.org/10.1002/chem.201504799

Liang, X.,Li, Y., Wang, Z., Zhang, S., Liu, Y., Cao, Z., et al. (2021) Revealing the Chirality Origin and Homochirality
Crystallization of Agis Nanocluster at the Molecular Level. Nature Communications, 12, Article No. 4966.
https://doi.org/10.1038/s41467-021-25275-2

Zou, X.,Jin, S.,Du, W, Li, Y., Li, P., Wang, S., et al. (2017) Multi-Ligand-Directed Synthesis of Chiral Silver Nanoclus-
ters. Nanoscale, 9, 16800-16805. https://doi.org/10.1039/c7nr06338¢

Zou, X., Jin, S., Wei, X., Li, X., Zhou, M., Wang, S., et al. (2020) Overall Structures of Two Metal Nanoclusters: Chloride
as a Bridge Fills the Space between the Metal Core and the Metal Shell. Inorganic Chemistry, 59, 11905-11909.
https://doi.org/10.1021/acs.inorgchem.0c01638

Zhou, C., Pan, P., Wei, X., Lin, Z., Chen, C., Kang, X., et al. (2022) Horizontal Expansion of Biicosahedral M3-Based

DOI: 10.12677/ms.2026.165122 298 PR R


https://doi.org/10.12677/ms.2026.165122
https://doi.org/10.1021/acs.inorgchem.4c02062
https://doi.org/10.1080/14686996.2023.2203832
https://doi.org/10.1016/j.ica.2005.04.002
https://doi.org/10.1016/j.ccr.2021.213787
https://doi.org/10.1002/smll.202500189
https://doi.org/10.1021/acs.chemrev.8b00726
https://doi.org/10.1039/d1dt01111a
https://doi.org/10.1021/acs.cgd.2c00744
https://doi.org/10.1021/acs.jpclett.3c02884
https://doi.org/10.1007/s12598-025-03267-1
https://doi.org/10.1021/acs.inorgchem.2c02655
https://doi.org/10.1002/anie.202013681
https://doi.org/10.1002/adom.202400940
https://doi.org/10.1021/acs.inorgchem.5c03082
https://doi.org/10.1039/c6sc04578b
https://doi.org/10.1021/acs.inorgchem.3c02467
https://doi.org/10.1002/chem.201504799
https://doi.org/10.1038/s41467-021-25275-2
https://doi.org/10.1039/c7nr06338e
https://doi.org/10.1021/acs.inorgchem.0c01638

[46]

[47]

[48]

[49]

[50]

[51]

Nanoclusters: Resolving Decades-Long Questions. Nanoscale Horizons, 7, 1397-1403.
https://doi.org/10.1039/d2nh00321j

Zhou, M., Li, K., Wang, P., Zhou, H., Jin, S., Pei, Y., et al. (2023) Overall Structure of Aui2Ageo(S-c-CsH11)31Bro(dppp)s:
Achieving a Stronger Assembly of Icosahedral M13 Units. Nanoscale, 15, 2633-2641.
https://doi.org/10.1039/d2nr06613k

Deng, H., Li, X,, Yan, X, Jin, S., et al. (2022) Regulation of Surface Structure of [AusAgi2(SAdm)s(Dppm)sCls](SbFs)s
Nanocluster via Alloying. Frontiers in Chemistry, 9, Article 793339. https://doi.org/10.3389/fchem.2021.793339

Li, X., Wang, Z., Su, H., Feng, S., Kurmoo, M., Tung, C., et al. (2017) Anion-Templated Nanosized Silver Clusters Pro-
tected by Mixed Thiolate and Diphosphine. Nanoscale, 9, 3601-3608. https://doi.org/10.1039/c6nr09632h

Khatun, E., Bodiuzzaman, M., Sugi, K.S., Chakraborty, P., Paramasivam, G., Dar, W.A., et al. (2019) Confining an Agio
Core in an Agi2 Shell: A Four-Electron Superatom with Enhanced Photoluminescence upon Crystallization. ACS Nano,
13, 5753-5759. https://doi.org/10.1021/acsnano.9b01189

Wang, Y., Xiong, L., Cheng, Q., Hu, D., Jin, S. and Zhu, M. (2025) Structural Disproportionation of Ag2oCuio Highlights
the Impact of Cluster Structure on Electrocatalytic Properties for CO2 Reduction. Inorganic Chemistry Frontiers, 12, 2495-
2505. https://doi.org/10.1039/d4qi03264k

Deng, G., Yoo, S., Liu, X., Shim, J., Bootharaju, M.S. and Hyeon, T. (2025) Atomically Precise Agss Nanocluster with a
Layered Core: Synthesis, Total Structure and Photocatalysis. Nano Research, 18, Article ID: 94907950.
https://doi.org/10.26599/nr.2025.94907950

DOI: 10.12677/ms.2026.165122 299 PR R


https://doi.org/10.12677/ms.2026.165122
https://doi.org/10.1039/d2nh00321j
https://doi.org/10.1039/d2nr06613k
https://doi.org/10.3389/fchem.2021.793339
https://doi.org/10.1039/c6nr09632h
https://doi.org/10.1021/acsnano.9b01189
https://doi.org/10.1039/d4qi03264k
https://doi.org/10.26599/nr.2025.94907950

	双齿膦、巯基与无机离子共配的Ag基纳米团簇的研究进展
	摘  要
	关键词
	Research Progress of Ag-Based Nanoclusters with Bidentate Phosphine, Thiol and Inorganic Ions
	Abstract
	Keywords
	1. 引言
	2. 配体的配位特性
	2.1. 双齿膦配体
	2.2. 巯基配体
	2.3. 无机离子
	2.4. 三类配体的协同作用

	3. 双齿膦、巯基与无机离子共配的Ag基纳米团簇的分类
	3.1. 单金属Ag纳米团簇
	3.2. Ag-Au合金纳米团簇
	3.3. Ag-Cu合金纳米团簇

	4. 双齿膦、巯基与无机离子共配的Ag基纳米团簇的应用
	4.1. 发光与光电器件应用
	4.2. 电催化应用
	4.3. 光催化应用
	4.4. 代表性团簇的性能对比

	5. 总结与展望
	参考文献

