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Abstract

Aiming at the prevalent issues of insufficient active sites and sluggish charge transfer Kkinetics in the
hydrogen evolution reaction (HER) of non-noble metal electrocatalysts, herein, a room-tempera-
ture oxidation-hydrothermal two-step strategy was adopted to in-situ synthesize Cu,S catalysts
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with different Co doping contents on copper foam substrates. The effects of Co doping on the crystal
structure, micromorphology, electronic state and HER catalytic performance of Cu,S were system-
atically investigated. XRD and XPS results confirm that Co?* is successfully incorporated into the
Cu,Slattice, inducing lattice expansion without the generation of independent impurity phases. SEM
characterization reveals that Co doping triggers the formation of uniform and dense nanocluster
structures, which greatly enlarges the electrochemically active surface area. Electrochemical meas-
urements demonstrate that the Co;oCu,S catalyst only requires an overpotential of 200 mV to
achieve a current density of 50 mA-cm-2 in 1 M KOH solution, with a Tafel slope of 147 mV-dec-1 and
distinctly reduced charge transfer resistance. Moreover, no obvious performance degradation is
observed after a 12-hour continuous stability test. Through the triple synergistic effects of lattice
distortion, electronic structure rearrangement and accelerated charge transport efficiency, Co dop-
ing optimizes the adsorption energy of H* intermediates and facilitates the Volmer step of alkaline
HER. This work provides experimental references and mechanistic insights for the rational design
of high-efficiency and stable non-noble metal sulfide electrocatalysts toward HER.
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SUREAEIE R B0 PTRRER 0 IR BR IR, A = AR R JR SE LS T S e () B AR T SR [1]-[4].
FLHE A0 BT S B (HER) A& AR /K i 1A% O A0 B8, L IR A0 38 T 0 U B 1) 5% 1) AR 5 A4 1 iy
5[5][6]. HET, PtIEsi4@aEibiIPEA IR0 HER MALIETE, T2 %5 IbsFF AR, (H 5 5 1
AR B Rt o PR T I AR [7]-[9]. Rk, FRERmERL. FasE . RRAIEHEST 48 HER ALK
NI REVE R Ak ST R 7T 4R R [10]

ME RGN SRR R WA EE . HYR A BREE T, 2BRFLENIEEIERS)F
R[] Hor, CuS A RARE 700 HTARHEE 58 OARMRER . 5 TR 8 S5 2, (HAAH
CuzS FATEVRTENT s B RAE . AIEEATE A PR H AT EE RS B TR SRR, S EOL HER MLV REAE
AT & 5 B B FH /5 2K [12]

TR BRI AR B TS5 SR AR R B 5 1 T 8L i ) v UK B [13]-[16] . Co AR y—Fes WL i)
HEEEICER, 5 Cu AL, PR ER, nE B R07 NEEN CusS fitg, TR Sk i
B WA R RI AL ), A IR R S R RLN J)44[17] [18].

Tk, ASCRHAZEIRAMN - KFDE, ERKEERE FIEALH %A E Co B24EH CuS fHELLFA,
I 2 A EE I RIE S HEALENATF B, REWIT Co 45 CusS it oS . T4 & HER fi#
P REISENR, 5 AT HLAL SR AE TR R 1 FO AT R A R E L RSB ) 5 A S A sE ML, B Co 57%
FETF Cu S HTEUE R I B FI/E F AR, ARkl 48 HER LTI B i1 5 et 3R (1 ) SR 5 st S 4
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22. KWHm

S AEE(CsHgO) M (CsHgO) I B FR 5 (NH4)2S208) « A AL BN (NaOH) . A A AL (KOH) . BRIk
(CHaN2S). N7KA S AL (CoCly-6H20) 2k H 25 8 A Sl A A IR A R . B U(N2) R B 22 M M B AR I 47y
HIRAA

2.3. SKBIE

2.3.1. CosCuzS BYHI&

TURHRTE A FH AT AR P TR . R MRV VRORN 25 3 /KB A VB VE 15 min. % 2.667 g NaOH Al 0.76 g
(NH4)2S:08 VAT 25 mL LBk, fFRIFIRARR A. FE=IR T, FHRRETIRIBAERT IR A
20min. 2 J5 258 TR MR ph e DL 2 Bk B N . SRIG#6F2 22VR A T 0.875 g ik« 30 mg CoCl,-6H-0
130 mL £ B F/KIIAT IR B o, BN 50 mL P, 100°CK# 4h, BUH 5 & BRI R
Ve LB B I i), B G 7E 60°C N HET 12 h 153 CogoCurS # 5, Hidr 30 AR E/KBGEFEF AN T 30
mg CoCl»-6H,0.

2.3.2. RIS A

K T B B (SEM) X RE S ISR HEAT AL REREAX(EDS) & mapping W13 FH 73 #r 70 = 4Lk
EorAis AR X AT (XRD) XS FE S (1 i R 548 . A9y SR WDAR SRS S TF oA s A X B4R e Re
T (XPS) /AT R AL 23S, UG 56 B TR R G (1ICP-OES) FH Tl & T R I SEbRiB 2k & .

HAL S MR RE RO FE R R L 4E . TEMR ZVE(CV) s IR 22 (LSV) . AL 2B BTG (EIS) THET HE
MIE(CP)SE . FEHEITH S T AL e B FE br: 1L HLAL () Tafel REZE(Tafel). M ZHZE(Cl). HikE
TEPERHA(ECSA)EE . T B AL I B 39 7E CHIB60E Hifk 2 TAE G kAT, RAMRAE =Mk R, 1
W NHATIER . 1 M KOH fift AR, FES N TAERAR, B Xt sk, Hg/HgO MR AE 2 L Hidk .

TEARWSCH, BITA s (1 B R FB R A AR X P &), 7E 25°C, 1M KOH 4~ , R4 A (1)
BEAT I

Ervie = Engrigo +0.097V +0.059V x pH @)

H 0.097 V N Hg/HgO HLHAE 25°C FIbRAERLLL, ERHE JNaf i & A bRtk E %, EHg/HgO A& Hg/HgO
(FTHLE, pH g HLAR R pH {E

R AT U BRI AR, A= I 0 R AR €159 (GC-2060, BB TERL, 1% X35 e A% #4
FEKMER(TCD), AIEIEAS (H) e =AM . MHRId F b, ZS0(N2) Bh 30 mL-min [ FE 4208 N %
AR ER, RIS A A SO B AP S AR B A RS 2

3. RS54
3.1. HmEHMRTRL

U CosoCuzS # it (T AR S5 K . WIRHA LB 2 AP TR, SR XRD X FLsEATRAE, Mk 4h
W 1 fos. [FIRTER, J&T 43.3° 50.4°H1 74.1° (K SRAT 0 T 8 T 55T, 3 onl Rt T4 R (111) . (200)
A1(220) i TH, /£ 20=26.1°. 29.1°. 37.3°, 45.7°, 48.1°. 53.5°f1 55.2°AbfIKE{EI& 5 Cu,S FI(100). (101)+
(102). (110). (103). (112)F1(201)anTH REFYIG, UG Cu S & fatk RIF: A A RIE T
FLABP 5T AT U, 7 S UE A 45 1Y) CunS 74 di FE v« WIRHZEEER o 3 AAE 4 v Y Rl P R A U BT
il Co Hii. Co EAY) S AL RAL I RFAEANT ST, HERR T Co LABSZ SAHAELE I AT RedE, 4564578
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Figure 1. XRD patterns of CuzS and Cosz0Cu2S
1. Cu2S 5 CosoCus2S By XRD

Figure 2. (a), (b) SEM images ofCuzS; (c), (d) SEM images ofCoszCuzS; (e) EDS elemental
mapping of CozoCu2S

2.(a), (b)CuzS B9 SEM [&; (c), (d) CosoCu2S K SEM [&l; (e) CosoCu2S B EDS TTE
P2k
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SEM JE/R T KL 1 CuzS (K 2(a), 1l 2(b))5 CosoCuzS (K1 2(c), &l 2(d))FE i ITES, TEIIER
BRI AR K RIS CugS PR FIGK BIf%E: 148 4% Co stk 2 )G, W LG B4 78 5 HHES 555
MRS, OK G T DAE B8 S AR B RE A5 AL, X P 4548 m] LRE K S v P TEIAR, 389 s R v
AR DM HERE TR T HER JVVERE, (REERE SR T 1 TR B ARy . 2t — P44 T SEM-
Mapping fl EDS JeEfgis, Wikl 2(e)fizr, ATLAEF] Co. Sv Cu JLEIB S A (LIRS LK I, IR Co
TCER MBI IB A%, B2 R RS 3 5

FIF XPS S R it 1 2 Ak 7 2 AN T R AN A HEAT 70 #r, J8 i ] 3(a) i) XPS 421 v LAE 2 J& T Cu 2p.
Co 2p FlI S 2p JTXf RIENIE 45 & RE MRFIEE, EH] CosCuzS FEM &4 Cu. S Co =Fhyt#, iEW] Co Jt
RIINBARIEAFEM . 18 3(b) N Cu 2p WIm 7 G A RELS, W LA BIAEAE Cuty Cu® Al Cu FRRFAEIE,
ATRERE T CutE S i AL AR B T Cu?. (E15] 3(d) Co HIAFEIEHAR, SRR ATAESR: Co B2 &t
ik, PN CosoCu,S F AT T ICP-OES MK, 413 1 i, Co JMEMIBIEN 1.67%, &ML,
X5 XPS i Co 2p HIHFE AR R AHVE AL
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Figure 3. (a) Full XPS spectra of CozoCuzS; (b) High resolution XPS spectra of Cu 2p
in Cos0Cu:S; (c) High resolution XPS spectra of S 2p in CosoCu:S; (d) High resolution
XPS spectra of Co 2p in CosoCu2S

[#] 3. (a) CoxCuzS B XPS £iif; (b) CosCu2S B Cu 2p XPS FE4HE; () CosCu2S
B S 2p XPS #54HiE; (d) CozoCu2S Y Co 2p XPS 1E4AIE

Table 1. ICP-OES test result of Coz0Cu2S
5% 1. CosoCuzS HY ICP-OES iR 5 R

T it S5 (M) BaTiR S (Wt%)
15 Co 1.67
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3.2. HmpRFEMTS e

KH LSV. CV. EIS. CP %f CF. CusS. Co3CuS Ffihit4T HER PEREMIA . & Joxt i G #E s AT s
HEAEEE, PL 10 mV-s~t (R R AT A AR 22 414 LIS BRAE it 2 101 R 2% 07 DA S HAR SR A= I ELBOS R il 1) fhie
fePEfE, R HER MEAE. FrallRSERET, 1 M KOH HEERH BT, FFEMRATER R IEN 30
min Noo BE S TAE R, 404 A1 Hg/HgO FEAR 23 il 9%t B AR AN 2 L FE AR

Wi A(a)i) LSV HRAGHIZERT R, CusS [ & & 5t 1AM HER ThEE, J34MBZ% Co JToHE
AT DAYE Al b AR HER SN AL, SEI s AT &L, %o B AN i (1903 v A i DR B 5 i 38 L
A RIF R AL TERE, 345 50 mA-cm 2 IR IR, CosCu,S R &% 200 mV it i fr. fEALERER
A5 T DAL B 9ok B AR SS f h A3 2R A, ORI B R AR B8 A I TR S R0 RV 2k, R TR
iR E 2 EkAT . Ak — BRI AR BB A, TR Tafel REFE(E 4(b), FTRLEH
Co3CuzS H A e/ Tafel #12(147 mV-dec™), i T-4li CupS A LA REAE S, Ui B H B A SR b &
BN F1%,  FEREEEPE HER H1 Volmer-Tafel HL#|, o Volmer BBy b I, ML A
AT A RI4518, Co JTLR B Ao A JOTE T CuzS M AL /) 5 s AT, KIEHRTE T CosoCuzS # i
() HAL AT e PR S AT R B )5, Al T AR A T RE

0 = NN

:_100 5400 @ CoyCu,S 147 mV dec”

E =
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Figure 4. (a) LSV curves of CF, CuzS and Co30CuS in 1 M KOH; (b) Tafel plots
[E 4. (a) CF. CuzS 5 Coz0CuzS 7E 1 M KOH =i LSV Bh#k; (b) Tafel $45

FEAFFAHE S P RATIE MR 23, 53] CV 4 UL R Can EI(14] 5(a)~(d)). 45 5RFE W]
CozoCu,S FEah T Cafi i K, 4 35.5 mF-em™2, Ut BAK BIFRAR A 5K wT LUK IS i s VAL s, AR T
HER S FI3EAT o #E— D SO A RE S ¥ ECSA, b FERRIEVE W, Cs (B9 40 pF/em?. A 2 ] L
BF|, CosxCupS FE it HA RRHNGIER I, FEVEA SAHB A FTin, UEW T3 A0 i PR AR
THA B R IE FAE R .

Table 2. Cai, ECSA and Rrof CF. Cu2S and Coz0Cu2S
%2 2.CF\ CuzS 5 CosCuzS MW EEHR A BAFENRTER. HEE

= o 220
B4 FR Ry E(Eﬁ,?rﬁz()cm) AL 2T rifﬁ*R(ECSA) FLRERE (Rr)
CF 135 337.5 675
CuzS 19.2 480 960
Co30Cu2S 35.5 852 1704
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Figure 5. CV curves of (a) CF, (b) CuzS and (c) CozoCuzS; (d) Ca.
[# 5. (a) CF. (b) CuzS 5(c) CooCu2S B CV Bhsk; (d) WEHEBRS

K A BHATTE (E1S) SR FURE i (1 3R 1 B9 T R e Rt . &l 6(a) Bz, 7E 0.2V vs. RHE
MARHAL R, CosoCupS FEMHXT B[ Nyquist HiZE 2HLH SO IR, BB AR SR BT g
BH DA f5 PR f T L fer e A R . [RIA, Bode (1 6(b), Pl 6(dl))H (I AT A7 #5545 it AR g o 7
TR AT FE R VIR DG ARL Mk, AFHERE R . 3 —DAIEB CosoCuzS FEMh7E HER HHaRILH
AR I B AT AR T B8 0 S BRI B 35 A2 Bl . LRSS RILF R, Co A 35 44 T LU FE & L
fof BT A, DA SRR OB HH AU (IR B RS, BRI DR s B 30 g 27 RIS FHAE AL 76 1 5 2805%

IEAh, KRR A PPN i SEBR VAL S S DI DG B FE bR . 7E 1 M KOH Bl P F g, T 100
MA-cm 2 (1 = HLIAL 25 FE T 8 BT ) 2 R ot R KSR fi AL AR e MR EAT R GVEAL . Wil 7()FTos, RS TEIESE
12 h [fE R AT EUR RO R R BRI AR FFRR B 21T, WU R B R, R A5 1 ik
i Ak, Wil 7(b) s ke AE 1 M KOH 1, 50 mA cm2 K 2 h WA/ B, EiRgs REEY,
JT ) 2% (RO R i e LA S 1 45 R RS e 1k 5 (R AR AP, 7 SIZBm AR /K i S 2R v R B HE L 1) S T 5

it PR AL ERIELE R, Co BAX) CupS BT &M RE U HEAE F Rl VA S5 M DL AL (] 8 i
R)e B, Co? (B THA2%) 745 pm)i B Cut (B 1-2K4840 77 pm)iE N CuzS &its, 51 Stk Ak
(XRD % #%), iX—Bi AN AE CupS R GIN T F5 (1 S A& SR AL S AL p, RN T W fb =g R
FA(ECSA H1 Cu,S ) 480 cm 219 % CozoCusS ] 887.5 cm2), 7K 43 7MW B Al v Ja) 42 fr e s S 3t 1 o 223
PE . FLIK, XPS 23 HT(1E 3)iE R Co $54%J5 Cu It 2p 45 &R RAENMNF, KW Co 5 Cu. S ZIHAF/EHM
A EAMER, T HAT R BT = 0. XF P B 7 &R AR IR E B RE, 15
Volmer PIR 1 REL2 FEAK, FIRHERE T Tafel SIRHIPLEIN G, 1IX 5 CosoCusS /M Tafel #1#(147 mV-dec™)

DOI: 10.12677/japc.2026.152014 135 Ly PR R=Svi


https://doi.org/10.12677/japc.2026.152014

2T B
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Figure 6. (a) Nyquist plots of the CF, Cuz2S and CosCuzS in 1 M KOH solution for HER;
Bode plot on HER ranged from —0.2 to 0.2 V vs. RHE for (b) CF, (c) Cu:S and (d) CoszoCu2S
6. (a) CF, Cu2S 5 Co30Cu2S 7£ 1 M KOH AR EJFE$T Nyquist BiZ%; (b) CF. (c) CuzS.
(d) Cos0Cu2S 7E 1 M KOH ®1, —0.2~0.2 V vs. RHE T E9PE#T Bode Bh%%
- 0.0 @ CoyCu,S o 2.0 Co,,Cu,S 0.1
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Figure 7. (a) Stability of Co3Cu2S in 1 M KOH at 100 mA-cm~%; (b) Hydrogen production of
Co30Cu2S in 1 M KOH at 50 mA-cm2 over 2 hours

[ 7. (a) Coz0Cu2S £ 1 M KOH, 100 mA-cm2 NEIFREM; (b) Coz0CuzS 7£ 1 M KOH, 50
mA-cm?2 T 2h IRES~=
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Figure 8. The mechanism of hydrogen evolution reaction on the surface
of Co30Cus2S cocatalyst

8. CosoCuzS BIELFIREE R M B REE

4, &Eig
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+2 Mg BRI A, RIERARITE, HBAE; CoCuxS Fdh B I S BU% I K IR 451,
PR IEIK R 2, TR AT AL R, CoCuS FEMEI L &K HER MEALIENE: £ 50
mA-cm 2 L% RNl B 74X 200 mV, Tafel R4 147 mV-dec™, 4 Volmer-Tafel HL#], Volmer &
BRAREPIE, Hm B ReR SiEHEA S EY BERA, ROoRHIORB NN R AR
WM IE R R4EVE- . Co BT LAGI S CupS dhi& i MK, HY s S RS MR e It [ At i1 A 4L
SRR E T, RS HRBUIRIE A BT v, B IR T AR A SO R I S5 AT A, SEI s R HoAR
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