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Abstract

Peroxymonosulfate (PMS) activation has become an important advanced oxidation pathway for the
removal of refractory organic pollutants because it can generate SO, , «OH, O}, 102, and high-va-
lent metal-oxo species in situ. Although conventional homogeneous metal ions, metal oxides, and
carbon materials can activate PMS, they are often limited by metal residues, slow regeneration of
low-valent metal species, insufficient pH adaptability, restricted interfacial electron-transfer effi-
ciency, and interference from real water matrices. Transition metal phosphides (TMPs) have re-
cently attracted increasing attention in PMS catalysis, mainly because of their metallic-like conduc-
tivity, M%+/P¢ synergistic sites induced by M-P bonds, and the ability of reductive phosphorus spe-
cies to promote metal valence cycling. Existing studies have evolved from early monometallic phos-
phides, such as CoP, FexP, and NizP, to CozP/C, CoP/NC, FezP/biocarbon, CoP/Co0x, CoFezPx, FeNiP,
NiFePx, FeP/NiP: heterointerfaces, immobilized FeCoP@NF, photothermal-coupled Co-NizP, and
phosphorus-vacancy-regulated systems. Overall, TMPs/PMS systems exhibit high reaction rates,
broad pH applicability, and certain cycling stability in the degradation of antibiotics, dyes, and phe-
nolic pollutants. However, mechanistic identification still suffers from excessive reliance on radical
quenching tests, unclear sources of 102, and difficulty in distinguishing electron-transfer pathways
from high-valent metal-oxo species. Future studies should focus on controllable structural synthe-
sis, in situ spectroscopy and isotope tracing, immobilized reactors, real wastewater matrices, and
toxicity reduction assessment, so that TMPs can move from efficient model catalysts toward verifi-
able water-treatment materials.
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BUAER Gekh. ByE. WA TR AN 25 rh (AR S A LIS R e AR AL . TR EERIR B 2 22
BRARFE5y, D T ERERIR B 3t 2 A AL FE(SR-AOPs) [ & & » PMS 1 A— R A Frid AR &, 0-0
BRI, BERT E AL B TS R, TR A . L BREGE S AE N A SO;
*OH. O; . 'O flfmth & @& WM[1]-[9]. 5EH ik m g 8 LA EL, SR-AOPs 8 B A T % pH & H
VORI IS SRk P, DRIURAEPTA 2R . SRR & G 0TS e A 3 b 52 31 G

BIF Co**\ Fe*s CuS 4@ B 7 Al LLPUHE 5 3 PMS, HARIREE . —Iky5 YR £ 70 [ i PR i PR sl
TRIF[10]. FAREAY) . REBA MRV AR T 1 ar B, T IS0 &8 AR, &
T FL T IR AN S RS PR A U A I R 1] [11]-[14]. fEX—8 5, IS B (TMPs)# 51\ PMS
EE R SHNEASREENYIHLL, 2 TMPs BA B mi SR, Hom fi B ae s =
B0 MOYP BRI AL POBGR R P ARRIL nT G R S N A MR AS [, AT R PMS TS AL H
TR II[15].
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W W JE /5 T T A . SRR A S B AR SR IRIROR &, JFHE B A 5 AR B Sk
s R REIURI A SKRAIE FE 77 17 o

2. TMPs 354, PMS BOZ5 Bl
21.M-P#, RAEMSESEMAE

fE4 )8 & L) TMPs th, M-P 8 B ILAO R B R VR RRAIE, 8 T RO X R 1) M2 s e FE 1)
PO BIE A AT PMS IRETAT O-O AL, J5 & rI 8 i 122 it fieidt Co. Fe B Ni M 764
[15] [16]. AEALH S NEHT ) M2 /PO LG 70 AT R AT AN 7870 AKAHSEAL R AE T, TMP RIAEAE K E
FREAL . FALERBER R, JRAE B . SR AR UK M-O(H)JZ AR A M-P FH AT et (744 il CAERS V& 1
e

RIUE, BSOS XPS H ) M2 /PO B SR [A) T S L i A s AR XU o B RIS AR 2O% AR N B
2R JE S EALAAE S A RIACAL A SRS, JFH A, By WIER G YA 4R R IR
ARE AR 0t I8 o SR AL FF AR LSRRI 1E R NiOx B CoOx 7I 5 T LB ALY i AL S [ 17]-[19]; {H
REEEEAL . FePOL IR ER P IR 2 MER M-P A i JF 48 in i 1A i RE 1

2.2. Co. Fe F1 Ni L 24 L3

DA SCHR 2B A SRS Co-P i@ EVEEMR, (EF R HAMBIEE T Fe-P £ EHS 5
TR TR RS, AN S AR PR Ni-P BRI HEZ . B8 5 5 S e
[10][15]-[19]. =R&JE/AERIMLEE LB SART M TR A& 1.

Table 1. Comprehensive comparison of Co, Fe and Ni-based phosphides for PMS activation
% 1. Co. Fe # Ni 2R T PMS FE LGS A LR

ﬁ’z A M R 5 i il E*ﬁgﬁ"‘ GRMEAG BN ‘;ﬁ
AR PMS iML: R CoOVCOOOH: o Beifis IR I Co SR B,
Cop Co(I/Co(If&*h RIMEM  =igPEA st T REFERE %EMKE 5 L BB FeNi thiE. BAR [201-26]
O % Co-P Ak LR 0-0 Co i3, BRFRIRRERENS o TRAGRELE AR STk
AL A HET BRI - s R KT

B 2 R & Fe(1T)/Fe(I1D)
G H Fe/PMS K REHE M

Fe-P SEMMIEESY, L Fe hisk
PEHR. P AL TR T
L2

BEmARETEIT Cos WME RIMAMBETRMAGEE KT Cov  thEFERER; M
Nip ¥ KHE NP/ NiO« WA, 52z, walRid itk  mT Fe, 15 Co [AIMEAT

Ni(I/NI(IDFEA SAB 25 T PEREXT AR i ) 52 HAHEBIR RS

FTE A UK WA RSV -

FIRETEI FeOx/FePO AL JERHAT3E  HEXEUR, 1B
By WhorEARITEYG A, EE QORI
EARE R ARG M AaE 1k HARME Bkl
T BRAE . ATy

TRPR I BRFETR .
M Efe . RIE  [27]-31]
SN E EL .

Fe/Co #4%. ®Ji
SiH. JeIGEE)  [32]-[35]
FAERMEME

UL Co Fe A Ni JEBEALYIIT, 8 G A R 7E b A R R ELE A6 [ T e e AIETS 1. 15
Qepphe. PMS &, EATIEOINE. pH MUK ZRER, MAEREESHENIERT&EHS
Ho SR BT TUNAE G — N A N LU BRI R e s A R T AN LA PMS T AR X R S R, I
FBPPA @i . R AL IR e 1k -
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3. MR R, FESWSRMEERNEE
3.1. Co BBt Y: SEMESERNIKRHE

CoP fe5i-Hl T PMS iifLi TMP 8%, CoP. Co:P Al CoP, ¥l {Eit ekl RO yi-FAIPIAE RN
[20] [21] [36]. Co-P WA R HE T Co A7 si%t PMS [1I5EMF Co(ID/Co(IIYPRIENEIAFI P A7 &1
[P TAME . 53540 Co(ID/PMS AL, SO; Fl-OH 7E11% Co-P & &R DTHk i3 [20] [37] [38]; (HIEHAWFL
PR, mifh Co MM, RiN4sA PMS MO i Re 2, HAEREHS 2 B LU FEA—F[39]-[48]

T B AT i AR A5 P 2028 Co 4K R B 421 #¢ . CoP.@NPC. CozP/biochar. CoP/g-C3N4 Fll CoP/NC
SRS E . AR A S 8 PRI [13] [22]-[25] [36] [49] [50]; CoP/CoOy l CoP@Co.P NI it
FHAR ST PMS I8 SR B A TT 1] (18] [19]. SRTT, AP REA Sy o] DLd L s . FLH0 i B3 U0 R
1k PMS [39] [45][46] [51], PRt #k /GG tE3E mANGE H 3hE Co-P/B R, BIA LE R E X &Rk, %%
EL A ER VR A DRI A B T

3.2. Fe Z@LY: RFRENSBEFRZERME

Fe.P. Fe:P I FeP/C #4k AARHEAS ARG SIS XSS FE AE 1 7 B R T 51 N PMS AR R[11] [12]
[27]-[31]o P Azrinf {2t Fe(ID)Ia] Fe(ID)EI%, rBRISINA BT 75RO 73 #. 5 Co-P AHLEL, Fe-P
R B IRIE R, (BAEAEYBIREIE . TR IR BE R AR 0 B 4 b BT S8 WA 1) AR 5] Ju[ 1]
[27]-[29] [31].

Fe-P A R H LA A M B TS CARZIE. S EEMERIEY . Zobmk, A
J A Fe/PMS & R S FE iR, (HIX SR £ 2ok B ALk R, HBEIEN Fe-P /R R REAFAE
KRR LAY, MA R ERAEY] Fe-P AL S HI P IE AL Fe(IV) = O. JFEAIT 456 TMP LIER TR
(O JEAL B UE SR B 2 . (RIS 2R S EE RS R 3R 1 P e HE 34T WA [40] [52]-[54] .

3.3.Ni &8t RESHKERENAEEL

F A NioP 2R NizP/NiOy S AT PAE B0GE 1 X 358 - i 1b 47 P A% 245 H 7 4, 2% 18] Ni(IT)/Ni(TID)
YFi 25 PMS iE6[17] X —&5RECE T “RIAM DR FHURIEG” HfE A, (HA08 Ni-P 3P
il 2% J5 B B s AU E R AN S FE U . AN A TR G — P BRANRAE 2641, FT1E NioP ARG
PEAR e E B2 LA

Ni 4k R8T Fe-Ni W& J8. Co BB HER & AFE R ERE[32]-[35] - NiFePx 1 FeP/NiP, A F)
P4 SR AR AN L 1] FELA P20 TR 8 pH & HIVE B Co-NiP NS BIUL £ AN HE AT B RIS SR mndi R . (B4
P NN R B AR T TR, AR B AR K B REFE . NiBEBAEABER JLIEPEAR T Co T b 20

3.4. BRIRBSFREHIET: BikHIEHEYE

W E A R TR 22 RO B AR ) o ] [ N AR R 5B 4E, JE R CoP/C. FeP/C.
Fe>P/biocarbon A145.0y CoP/C [11] [12] [22]-[25] [29] [31] [49] [50]. X%tk £k el /b S50ksr [41 58 3F 7] i FAR A%
G AR D), ARG ETTIRAR HEA IR R G R s, BEALIREE . DRI STEFE. i,
TR 5 R AR 2 AR A B AT 2 2 M L A Y R A B 2K 2 o

FENLVEE b, BRERAA AT @B A AL A7 8Bk o BT N/P 24 5T IR TH B Ae R B PMS A5 L 7o
F5[39][45][46] [51]. Ak, FxBRIE TMPs HIL 10, BEHE TR ERARR, AR AT oEkIa T M-P 8. &
PP AR 7 B AENT EUAH F B 2R B 2 R A W SR S I TTER . 2T R B - AR
ST RS P RELAK 2/ T B R BOAIE FEL T A S

DOI: 10.12677/hjcet.2026.165034 350 =AW EESES VN


https://doi.org/10.12677/hjcet.2026.165034

Wt &

35. MR, REAOSHRERES

CoFesPy. FeNiP. NiFePy Fl FeP/NiPy i i X4 J& i 25 16 4 1 M-P-M IR FEAC 5 — 2 J AR 826
[32] [34] [35]. CoP/CoOy F1 CoP@Co:P M43 74 WAk P/ 8 A W 5 11 5 [F) e R 22 A AH LTI 18] [19]. 3X
S LR IR 3L [F] B 4R 2 4 PMS MR . V5 G s S A HL A5 4 20 e B AH ABE Dh B AN R A 47 55, AT 5028 1 Bl
B 54 AR A X

S5 R ST RGN B 58 T R I HERR EL R AN . KR &R AR A RN T . SR R
HRAY AR T B e s, HAMZ R R BCR . R AT AL AN LR W B RE RE RS 4R ) [F]—
., FHIH RS AR A BN T EE

3.6. EPET1E: B EFESIEREERE

P 255 T 50 J 350 A A 5 5 W PMIS W B ) 284 R 7K 437 S R P s Hong i ik (M Sk 543 7 3l 1) AIMD.,
JR A7 Raman A1 180/'°0 JR B4R /KA 2 5 10, FEAR[55], FLiE 4 8% B 5 5m TR Hoe KR A 7 . 1% 45
TR 150 BH S B T B [ e 42 ) S AN A RN SRR, T AR RN s TR S R

BB A P 1 03 o FEBE EL R AL . ki R RN G JEIR BB AR L. AT 5E RSB A R
R BRI Ba e B —thiE T, JRHERR PMS B 0. 1A H AR AR B Tk, JCH 2
10 HJ&E, NAE Ha'®0. 80, FIFRIC PMS 2 [AIETECRIE A A, MiASGE RAKHE DO {22k 5k TEMP-EPR 355 .
3.7. BEHSIMNARE

FeCoP@NF Fl CoP@NC/NF ¥ M A A A AR s AL T, FAA 200 i I8 75 SR A IR iE s 47 $2 4t
FERE[56][57]. [ A RIS 518 VR4 i) A A A — A iEPE . S bl Ni YRR 10 524 TR
JERE . 25 H DL (AL 7 R o Lo AR 5 AR R R, S ARAh L] T RURD A% 5 2 57 o

LT AN T W B T m R E SO AR T2 5EE, BN SRR RN .. SERAMT
PMS XJ 82 FF([33] [58] [59]. #Ma#EA RATERALIT Y M RERE . PMS Fl F A S N 2% R BE L AR FFAR 34
WA B TR R X, 1 AR RN & 5256 = k. obs.
4. FEMEIFNERIFES SINHIE
4.1.'0, AT BB R BE R SE R IERE

TMPs/PMS{RR LA NIRRT LRI
(FEEHESHHERBFERKD)

E&iZ1: PMSESHE/IE E§i23: REPMS{BE Biz4: RIGESK/REASS
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(RAKE/BERIEN 10, F
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Eiz2: BREAHEN |
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FERE— MR SRS RAIE R — R,

‘ KEBREME: Cl/PMSRRL ’
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Figure 1. Possible pathways of 'O; generation and evidence assessment in the TMPs/PMS system
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TMPs/PMS fF 732 H T 20 102 K6, 3 PMS Ao . O, %4k, 3K PMS B, KSHiEk
FEEE1E. ClI/PMS S BRI M & S kLA 7]-[9] [39] [45]-[48] [51] [55] [59]-[63]. AFEEAZM/RZIA
L1, BRI E SR WA 2.

TEMP-EPR. #RE KA D2O RN 0] T2 10y, B =35 #0523 H Al U 7). B sl 70 28 i 5
Wi Rk A E 2 FN R AR R JFAL SR AE LR SR Bt A 5 ) 2 — BN A A4 [ 7]-
[91 [39] [47] [48] [51] [59]-[63].

Table 2. Possible pathways for the generation of 'Oz in the TMPs/PMS system, Cl-mediated substrate reactions, and evidence limitations

%< 2. TMPs/PMS & F 5 10, ATREAE B BE 1R, CI N SHIE R B R EHE PRI

10, %1% 2R FERIEE ARETH
Btk PMS 61040 F, AF %% TEMP-EPR {55 . #EEH 8L D20

PMS H )i/ T2 H . pH i, PMS

JRT/MHE PMS Fh s Ay g TREAE; AT mEE pH, %R
B et 0, DIRHISAURIBLHRIRONT . S v b5 pms s e
e g e o OB OF SERL IS RERRASAMAIR TR SOD W
NN : , 2 i -
O —iK¥#eAl iﬁrﬁ ﬂz PM,S ﬁl =0} ks SOD H#lE % E PMS 52 PMS 5 ROS 0il; DMPO JI#&#)H il g
biti J5 AL B AL TE K 1026 o KA
%7 PMS R/ FHARWL B PMS, *O B8*00  JEfL Raman/FTIR. [RIfZZEAR1C. DFT Fll& N — EPR (SR E; R4S
W e FR B AT SRS, TR P A7 s BEIT. IR RAA RS, PMS ] AT e, PR R A H

%1025 AEL2—%. He PR

H2'80/0y/Fric PMS XLt SREE SRFEAESIEPERE R . D20 {R3EE TEMP-EPR

BREEVE GRS PR, PURMESRITRER b, o " oo R AIMD 395 /R R B W O BB B

miEESE  (EKEEGR RN 102

AHH EMIE. LRI, &R MR EILES L.
b R M(IV/V) = O BERTHEYIF  JRA7 XAS/Raman. JEFEMEERY).  {UKHE PMSO A LEdE TMP A R miih &8 A
%%éﬁ@ﬁ TIRESE R . RINEMEL R RAESE N XA L mMEREE. AHREMRNES
RS 100 A e He[F S HF. PMS ] BEF= AR AR E I L

IR CIZ A T EERFR TR 3 0o g 3 AN 5
TS B R T RE 1 S5 Q. Aae
MM BIALE RS

HFFESH B CUARES, CI/PMS b CIURERSE . SEHER. ARREA
CI/PMS &N AIREHS 1O ANEMEEIET.  SAREIF=PEE Wil

4.2. FEHEEHERENRXSSHIE

Hifi Co/Fe AMFIH i PMSO Hfb. MLFFIEIRY). 55 EPR {5 5 IS THEHERT, (2 PMSO A &
FRERZ 3] Co(II). [ MLk M 454 PMS [FIELIA[40] [41]. A SHTHR. R4S PMS Hl 10, AT #E
RILHPUH T T Rl s b7 IR DR B K AU S RFE, RAE IR AL, HRMIRL ., TR
MG A7 i BELTRT 2 T (R4 27 3R 47 X 43 [39] [45]-[48].

5. #1% TMPs/PMS FRBIZEH) - 7B - BEXER

RFEME TMPs/PMS 1K R GEMIFFIE . B ARTS Yo 5 1B AT L L3 3.

A L RO HUR R 3 AR AR R P LIRSS tH— AR S a5 Co FEB A4 & B A 5
FRMEE, (A EAES IR B RE M Fe FE4A R 1E VE IR BUA A IR 57 XU 7 TH 58 ELAR 3,
R 5 AR PR . SRR T BN G R A A P IR R Ni B A4 2 (1 14 R U B AR R T A )=
B MR R AR BT AR REED . FAERKRAEFA G —, FREARRBERATEE
5 LA
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Table 3. Comparative analysis of structural characteristics, target pollutants, and primary reactive species and reaction path-
ways in representative TMPs/PMS systems

% 3. R3FM TMPs/PMS A RRVEMGFAE. Biris 2 EZEZ M ERFEXTE

MEMA 5 ERNEE Y] SV e BT RE S LA L SCHR
CoP Orange 11 RS E CoP/PMS FAHIE R SO; + *OH £ % [20]
CoP/NC  SMX, mighEK N BBRIR I CoP, HLEERETH HEEEMAE A R [24]
CoFerPy i e Sk 1 CoFex04 fiT4:, BEARK Co i U RN ERAE, AEE R TTERIE R [26]
FexP T ESIREE S AR RZR A/ (O W EITG Fe i1 SfEFS P fEHF45H [27]
Fe:P/biocarbon /i d iV A LW FBRIRATAE FeaP/Rik SO; -+ *OH. 'O ¥:[F&E [31]
NiFePx F iR LDH f7AAE S Bk, pH3~113EH  NilFe WAER kRN ERESE [32]
FeNiP EhER U = W JE A, % pH &R SO, « *OH. O; . 'O [34]
FeP/NiP> SMX MOF TR % R, HiBE T+ FHH R T R RSARBE Fe 31 [35]
copsanec gii*ﬁy NP ;%‘%ﬁfﬁféﬁcﬁfz’ DFT fitFe [ E A1 102 [36]
CozP/biochar WG HTAF BB E T 55 CooP/ HEPDIR AR EES CoP WHLIFE [49]
f;;l;ﬁg grnpm gy AIMD- JR £z Rar%gg;ﬁ&%%ﬁ%%ﬁ P AAIRE H0 55 10 A [55]
FeCoP@NF bk K TR e, E T Bk E W4 @G SEAMLTE  [56]

6. MIRBIPEMRBISCPRkAbIE: MEEVRIN SN A Bk
6.1. FKFERBN T 2 E—FAEFHHISEHE

HCO; FRIRE WUIE H 55+ SO, /~OH B a5 R AL AL, IR v Be%% & &8 I o R s far, CI7
W) B E AR . BERTRETHFE E B, T REE RS RS (R e R 225 10, ARk [ 1] [62]
[64]-[67]. BHIL, ClUZMF T ZBRMRAGed I f R s, BEARB AR EESM S AR~
Y I

RIANTA 25w, Wl fedt PMS &7 S0 I SO 5 B0 F0TH 25 B = 0T 10 7164]-
[67]. HIKARSLIGNIRE DOC, BAE. FEEH T MEMYE SBOCRE, RAZ A0 MR 5T
MR FAEMKH A R4, BERF KA, JEE 2R R AT AR R R RS o LBk, (HHLE
PRI RE S BT A2

FLSE R K IGAE /DR A& B AR5 4. TOC/COD. PMS %4y, TEE A ME ARk . Fe(IT)/PMS
LA . LaCoOs/PMS Al [ i PR 72 35 B S 07 8 A 7K 358 i ] ¥ 38 24088 S 36 %5 45 18 [ 66]-[69], TMPs 17
BAEAALL S A FIRE

6.2. KEARREMSEENH

TMPs (192835 0] DU S FR AL [RIE . S )@ A1 P A SRR MEABIR: R R B IR £h TR 5 8L
Bk AN AR NOM Zaehr il BORI S . #UA R il L8 3% 2 5| A% 00 T P o AN TR SR AL 55 2
ANFEFAETE, ASERRE XRD F AN I ik HE R 2 1 A .

WL 4~5 WHEIRAEIA £ BRGS0 W EE A A, AREREFES R . NikE RitbEKE. &
JA G @ /P B A AR B £ JRIEYE . PMS TERU AR L AN T R, X TR R AR A, I8
NI EAR TG R R e PR AL SE 14 [56] [68] [69].
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RAFZ W N A NE BEFE IR S A RS B 353 KR e R AT YR, 6 22l BT A2 R s 08 it
WERRE, WIREW Mm ST R; 5 T B EHME, WUV R AT P K. KX SRS LSRR
N RE” SRR A IR 5

6.3. TN EMALA

TREVPOT A AR BE M IEBERAMN A G IR, HAESLR R X ME . A IE R
W, FERPAR ISR E . PRERUL . BJR/P BEBU AW BB R YR <5 A P DU 741 75 2%
PRAEARI R @ E . KB RIREEE. PMS (5 B I R AR A — il . BHATS R LB A RESE ] 107
MRS FEAR, @RI R TOC 2 COD. kb lal k. Fla PMS. AbER A5 BE 1k L2 575 B 0 fr 24
o

7. RFHARSE

KK T G =TT ETF: 55—, FEF—#ik, hAMKRIANRE FFRFF &R, Fi—
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