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Abstract

Metal-support interaction plays a critical role in shaping the electronic structure of metal nanoclusters
and contributes significantly to their stabilization. Within this context, it is essential to explore how
specific interactions influence the properties and behavior of these nanoclusters at the atomic level. In
this study, a series of Ru-based catalysts supported on carbon nanotubes (CNT) doped with various
nonmetallic elements—specifically oxygen (0), nitrogen (N), and sulfur (S)—are meticulously de-
signed to explore the intricate relationship between metal-support interactions and hydrogen evolu-
tion reaction (HER) activities. By varying the doping elements and their concentrations, we aim to elu-
cidate how these interactions influence catalytic performance, thereby providing insights into optimiz-
ing HER efficiency through tailored metal-support interfaces. In comparison to N-CNT and S-CNT, O-
CNT-supported Ru nanoparticles (NCs) exhibit significantly enhanced metal-support interactions at-
tributed to the high charge transfer efficiency between Ru and the substrate. This unique characteristic
results in an outstanding low overpotential of merely 10 mV at a current density of 10 mA/cm?, coupled
with exceptional stability under a current density of 100 mA/cmz. This observation underscores the
importance of oxygen doping in optimizing the electrocatalytic performance of Ru-based materials for
applications requiring efficient and durable hydrogen evolution reactions. This research substantiates
that strengthened metal-support interactions are advantageous for enhancing both the hydrogen evo-
lution reaction (HER) activity and its durability.
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RIIAEE PR Re s Bl o) o X — D7 kA ) A AR g K 7 i RO R, AN R
WA BN I A RE E, ICRENS R nT RFELREVR A A, AT ZE IR OR 7 A BRI A S 7 Th R 45 4 28 0 H
BEH o X — i FEACA By Tl A A R ARG, I8 eSS (BB Vs RE IR 2 2, D SEILAIK K
2 HbRBE e deat. Wit 1185 & M. (Hydrogen Evolution Reaction, HER)BH A% F) i A4, 7] & e B HiE

PR BUAR LA R 5 40 (POAH AT A U B BB (R 2 65 keal/mol), & LA Sy A i B (R AT R AL AV AR R T
K7, AEAEHEK AR AR T I R - Ru Jo 3 I H 2 25 AW B R 1, XS fr BRR 1 7 H AR
R, BEMIKSE T HER SN2 /127t o TR v s MRS ROE PR I e PEREAT 2L evolution S M
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WIH, BATHRRIES R TR BRI ERE RN, RaZEidiB). ZWN). %(0)KHi(S)%
A4 JE T XA RL 5 e s . X — QT ML B ERA & 8 55 A8k R 168 - A A EAER,
ISR A (0 F AR RS AR, RIRE TR SR A, SERUR A M BRI RS 4E T 2] R
HENE, ZORS RGN & B RUA R e A R, (RS R R S G A AN A iR AR
P B R NSRRI SRR 5, AT A T H e Ak 77 (1 B A sk e S e M . TESARA R 5] NE(N)FH
BEPYBIAe, BEMA T HRIFEE, FFEA THRSRACE, AT PR BRI 250 AT TR R
5, X RPN L RMERE T AT (A5 1k (0 S5 25 1 i . OUIR T-95 44 038 AR 1 467 3R T 1) P o 25
FES T - SRRLE AR, X AU 7K T RIS BUE S AR AR, AR KR T T A
HAL IS Ji S I () B0 17 S R [ 3]

BTN, fEMB)BRIER L, #—DI N —FHEEERIETEEO). BWN)EH(S)) S
RIS IR R, B E R WA ET 9KRL T (Ru NPs)-5 X5 J2 8k Ak () (1 42 8 - HAARM EAEA, 3 nE Ru
R AR, DU E 2452 TH4 evolution reaction (HER) AL G TE RN [4]. RN HT I L&
FRUA5 SR ot S A MR RE I R 3B RO, A M AT AT L U . — . s B IR, R
I T =Fh BB MR GOKE . WA R T R E R PIKE (CNT-COOH) 77 A % 2k B R A1 1 a2k
BRI KA (CNT-NHy) LA S A T R 52 B e P R R R S5 B 40 oK (CNT-SOsH), - FF1 F e A A 2 i BR 47 25
TRUNGHEESE S, Wi, KA closo-[BiaHi* 1E M IC 2 [ HT kAR S JE 77, i 5 v i B L R
R [E 5, JESCB RO, HEi il & S 1 14T 9K B . R &0 iR Ag T2, &t 7=
T B SR 745 25 E AL, 2398 Ru/B,0-CNT. Ru/B,N-CNT Al Ru/B,S-CNT [5]. 1 B4k 24
WFB, AR 79I B 405 7 W] 238 52 5 evolution reaction (HER)FIEALTENE, 7R T HT
S T ERAL A AL B I S N B 7 2 RS RN o e, 38 N B 2= BRPTIE RR, BATRANIR A
T RIS 24 22 A [ 2850 o A 2 3 28 PR 52 M L 1

2. MRERR
2.1. Ru/B,O-CNT &L 7R HI&E

AR 60 Z TR BEAL TR YK (CNT-COOH) H¥ HmM A F] 30 ZTHH N- I REnt g e i
(NMP)EF A, Bl s e A 2] 30 3 8h DAL AR I 709> B 5 b 8. B, REHRREL 30 Z 5o
PRET (1) x K EI(RuCl-xH0), WEART 2 ZTHK NMP t, Rt v 2218 g in 2 i ik 2 oo . 34
FEF, NARKETE S A FTREEHE 3 /N, AR OR S o (] 13 518 & 5 OB 7840 54T . BRI 60
Z 5] Csocloso-BioHpl ik, FFEZIR FREGEFE 12 /N, DURERIL 78 /IS i 5 35 5] il k3T
RN PR IR 12 /8B o RO BRI UTEY S, N £ B K & TG K SRR Hdk AT 25
LB, RGO . BEfE, 7E 60 fRIREE M Nt e s TIRfET, FREmt (A AT 12 /)
i, DASRELUUE A B K SRR . &, Frgr=mgE Ta(Urw, HERRABIIBT T,
DABE S 10 £ IR EE R BE B AP I #A A 600 £ IREE, HFTE IR B T 4ERF IR IR A /IS o R ARVA 1)
FERE, J7aPEIE, IR 4 Ru/B,O-CNT #4%}

2.2. Ru/B,N-CNT #4580 &

AR HBICE: 60 Z& 50 I BRAN KB B Z FE(CNT-NHo) HoR H I 30 Z2THA) N-H B0 e i (NMP)
VI, I AR EE 30 3Bk DASEIL A S EG IR SO R R BEJS, ASTRARE 30 = A
AT D FEAD)-x KEP(RuCly xH,0), EET 2 ZFH1 NMP 1, FKE s v 22 18 i n 22 _F IR o Bk &
W, T EIRZAE T AR 3 /N, TRIRETA B B REI S0 G o KT LG Csolcloso-BioHio], K HFK
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W60 Zrifa, NETRSHIFFER IR T REENHKIE 12 /M, DIRZE D IEMR 55 0. ARt T
RN RSREERAE I 12 /N JE RO B TS, R & BT K A TE K SRR H AT 2R AL
ek, WHORMIRISERA B 8. BEJR, 7£ 60 BRIRBESATE TS 2 TR, Il 12 /i, DL fReE
it 780 WK HLARFFE BV B AGE . BT B TPz, ER ST, %1
10°C/7p B NI LB THIR 2 600°C, FFAESLIREE F4ERAETR 2 /M. FFHERAREE=ER)S, J7Al
AR, AT tH Ru/BN-CNT Z& 418}

2.3. Ru/B,S-CNT #4L5a0$1&

HERAR B 60 & 70 IR T REAL I B4 K (CNT-SOsH) K B F 30 Z 7 N-FE R L L B (NMP) 7%
Wb, EE A B PE 30 B DCSEEBLH S 51 . B, RSERARE 30 R MEALET D) x KED
(RuClyxH0), ¥EfET 2 Z T NMP o, K H SN 2 AR 2 8Os . BAMA RIE =R T R0 e
3 /NI, BRI R EIREY SR & P MU E VR L. REX 60 22 521 Csa[closo-BioH o] R HLAE S iR 26 F
RS 12 N, BRIRTE IR S 510G . R B0 BESRAS U, BRI KB T K R TEK 4
WESS B HEAT Z R Ve, BAIRMIIR RBRIR B 20T, BEJG, FR7E 60 SR IR MR N Ll 50 TR 7, Dol
12 /D, DU RUTIEDIE BT & I TR . & e B TE Uz, RSN R 5
T, AZIE 10T/ B RINAGE R B D THR A 600°C, FFAE MR T ERFEN 2 /N . fRH AR R E R
Jei, Tl A, AT A H RwB,S-CNT B &4 MKE. NS iz b s BER.

S+ @ - mmm) SEEEEE

@ Ru*
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o +
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Figure 1. [llustrates the preparation workflow of ruthenium nanomaterials supported on boron-and oxygen (nitrogen, sulfur)-
co-doped carbon nanotubes, detailing the synthetic steps and process design corresponding to different doping ratios

1. RIRTEEARE B ON,S)MUIZZERMKE T2 Ru YREFRIAH & T ZiREE

3. ZR5ITR

ZHE 1 iR, A TR [closo-BiHp P AENIE R A, FINFAH O N S BRI E /E N B,
O(N,S)IIRTIXAA, LA A Ru/B,0-CNT. Ru/B,N-CNT LL & Ru/B,S-CNT =Fi{L7]. LA Ru/B,0-CNT
B, FRATRGE T I L - £ Bhie e AE ELAE T, Rud B 74 [ e TR g R R, ik im AE plifs e A
¥4 A Ru>/COO-CNT E& kL. TRk, ATE closo-[BiH 2> 73 F Wt T~ Ru*/COO-CNT #if4k |,
FFIF closo-[BioHp? MR JERHE, Ik Rud & 718 RN 48 Ru 99K KLT(NPs). [FIE, closo-[BioH ]
XA SRR A R TR A Y. S0l miR AR TR SR, RIS T AT 9K R,
FLR 5 A BT AN AR - XU B 2R R A K 2 s
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3.1. MBH Ru EBEWFINORER KRGS

(1) fEAFITES AT

T S F T B (TEM) B =1 43 7 2 0% 3 HEL T AU BE(HRTEM) B R, FRATTXT Ru/B,O-CNT.
Ru/B,N-CNT PLJ Ru/B,S-CNT I IEAHEAT T MBI MR 51 . a0l 2(a), E 2(c), &l 2(e) T 2,
TEMWT R R T =R AL ——R Ru/B,0-CNT. Ru/B,N-CNT 5 Ru/B,S-CNT—— 1 {147 44K i 7 (Ru NPs)
BRI S AT T B 9K R BOBRFRAAE . A B o FEE S R R 2(b), 18 2(d), B 2(D),
BATHE— P IAE T Ru/B,0-CNT P Ru 49K UKL (NPs) ) StA% [0 BRS04 0.214 48K, X —Bl 547 o &
(19(002) St THAFFAEAHMI &, ATTHAIE T Ru QK BRI LA G J& 4T 1T XAZAE T kL2 . 76 Rw/B,N-CNT
J Ru/B,S-CNT H T3 (1) Ru GAKBURL(NPs)df 6 [A]FE 5 Ru/B,O-CNT i) & [A] BEAH DT FEC R IR
7R X 2% RuNPs A4 O F2 T Be & T closo-[BioHp [ ZE MM R AR IRAE R [6]. #E—B1f 5, @i Xt
R 5 55 B TR R DG HE (ICP-OES)#E47 7 R 73 47, Al K 3 Ru/B,O-CNT.Ru/B,N-CNT 5 Ru/B,S-CNT
FER AT TR IR E 2 BE S T 1.54 wt¥% 0.65 wt%L K 1.50 wt%, HAREIEIE 1 fis.

Table 1. Shows the elemental mass percentage composition of the three catalysts: Ru/B, O-CNT, Ru/B, N-CNT, and Rw/B, S-CNT
F 1. RRHIEET RuB,0-CNT Ru/B,N-CNT LAK Ru/B,S-CNT =#ib s & T RAFRE B S ELLAR

Sample Ru/B. O-CNT Ru/B. N-CNT Ru/B S-CNT
weight % weight % weight %
Ru 1.54 0.65 1.50
B 0.17 0.39 0.09
S 0 0 0.14

Figure 2. Regarding the morphological characteristics of the three nanomaterials—Ru/B, O-CNT, Ru/B, N-CNT, and Ru/B,
S-CNT—this study conducted detailed observation and analysis using transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). Specifically: (a) Using TEM technology, we comprehensively char-
acterized the microstructure of Ru/B, O-CNT; (b) Furthermore, with the aid of HRTEM, we achieved precise visualization of
the nanoscale details of these materials; (c) Similarly, for Ru/B, N-CNT, we employed TEM to thoroughly examine its overall
morphology; (d) Through HRTEM, we gained in-depth insights into their fine structural features; (¢) For Ru/B, S-CNT, we
systematically evaluated its macroscopic morphology using TEM; (f) Combined with HRTEM, we obtained accurate charac-
terization of their micro-and nanoscale properties

2. RR T AEIFEEE Ru EEUTIFERARE(CNT) LHKSHHE, BEFRBEBEZMARXENER: ()77
PR Ru/B,0-CNT #1 RwBN-CNT HIEHEBFEMBETEMER, BRTHENEN; OIS 7HHE
TEM(HRTEM)El&, #—SEH 7 X LA RIRUZETS ; (e)FDRI T Ru/B,S-CNT # TEM #1 HRTEM E%, £@
ST IR SFRET
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(2) XRD 73 #ft

Z W 3(a), JER T REFIRPSRAETEFE T . Csalcloso-BioH 2] AR BRANCKE ) X HF L AT5H(XRD)
Bl . 75 25.8°H1 42.9°4k, BRAVKE REILH B3 OBk, X 260G 4y SR T (002)F1(100) &7 TH] [I4RFAIE
FIN[7]o A AR LT SR PR AL R U RE i SRR I X 2R AT (XRD) B AT LU, FRATTHR7R T
RINFEREAAE 25.8°F0 42.9°4b 2 I H A 35 (AT ST, IX G843 1) 5 B 40 K 1 (002) FH (100) e [T AH T
N o I BT A3 1 XRD 1 5 Csa[closo-BioHio ] bR AE 1S B HEAT AU B0 E, R R BT Csa[closo-BioHio]
AHUCHC (HFAE N, X —IL AT REIA AT Cso[closo-BioHio ] i SEAHXT BT 8. #E—20Hh, A TIRAIRT
AR AR, AFERUR 715 2% BB K 571 34T 40K R T-(Ru NPs)HEALFTI T Ru NPs [RIFHAS 451478
1, FRATNT 8 3 vy il A AL 3 ) = P AN [ O -5 44 AL 7RI (BP Ru/B,O-CNT. Rw/B,N-CNT #1 Ru/B,S-
CNT)H#HAT T X SRATHXRD) 1. Wil 3(b)faw, —ZHAEM A X 5475 (XRD) B 3 5 i 48 7 1747
T 25.8°F1 42.9° (A 55 06, X RIS FIARER T RRGIKE 1(002)F1(100) &% M (1) S BYEEAE . Ru/B,0-CNT
1R Z AR BN IR B T 48 Ru 99KKT-(Ru NPs)FIRFEREE, 1X—BL R 68V T [closo-BioH i[> &
FJEALIE JF A A RuNPs RS # /N 8] 5 - HAT, £1%F Ru/B,N-CNT J2 Ru/B,S-CNT 1] X S £ A75F (XRD)
B4R, DCRENLIN B P ANRE € T AR UOKE IRHIE I, FLAL B 3 A0 BT 25.8°F1 42.9°, FEAR R IUE
A R T Ru KA (Ru NPs) R0 [9]. BT FIRAENT, X IR R T [closo-BioHip)? il ik JR A 4 5 fr
TERRET KR (Ru NPs) A BN RSHRePE, FF BAE SRR R T, DR T3R8 5230 Ru NPs
FI )04, T RO BHIE T Ru NPs (R EI % .

a b

Ru/B O-CNT
= B O-RuU/CNT| —
3 =] A
« © Ru/B S-CNT
o CNT = Ru/B N-CNT
s =
c c
2 ]
£ £ CNT

l ‘ Cs;[closo-By,Hy)] \J\T]me

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
26 (degree) 20 (degree)

Figure 3. Shows the X-ray diffraction (XRD) spectra of various samples, including: (a) XRD patterns of B, O-Ru/CNT, CNT,
and [closo-B12H12]>"; (b) XRD spectra of Ru/B, O-CNT, Ru/B, S-CNT, Ru/B, N-CNT, and CNT

3. BRAEAMARLEEL X SHEIT5(XRD)EIL: (2) $3F B,O-RWCNT, ZhERMKE LK CSy[closo-BiaHi2]#E
SRAY XRD EE 45 (b) MIEMITEE T Ru/B,0-CNT. Ru/B,S-CNT. Ruw/B,N-CNT WK fifR4AKER) XRD 44

(3) XPS ¥

N T IRNR IR T8 477 SO A BT 54 1 22 A e, oA TR A T X S48 7 RETE (XPS)
B, X =P e R A DR T8 224 AL 75— Ru/B,0-CNT. Ru/B,N-CNT L& Ru/B,S-CNT {13 [
TCRALR S AN AT TVER 9], 2 WK 4, RuB,0-CNT () X LG H T RE(XPS) 4 it R T
Ru. B. O J¢ C WUMIGE IIAFLE, X — RILBAHHIESE THI(B)FE(O)Ih B T iZME 2 H . Ru. B, O,
C X PURNIC AL AR R JE T EL S H R BN 0.45 at%. 0.76 at%. 10.14 at%LL % 88.65 at%, XU
LSRRI R T RGH 5E 8 357 38 - X Ru/B,N-CNT 5 Ru/B,S-CNT [ X 414k Photoelectron Spectroscopy
(XPS) &ilim#riiian, BT EEEH Ru. By C =FUCKsh, BIEMHIMES] T N 5 S JLRMGFE, X
FEOMIESL T By N BLA By S HRECK G R IR SEI T 452, s ot 7 BRIk Rz b &
%} Ru/B,0-CNT. Ru/BN-CNT }2 Ru/B,S-CNT [ Cls i/, sl 7 4030 /06 &0 0. ail 5(a),
5(b)Fia~, AT Ru/B,0-CNT FE ) C 1s G E TR 1 DA B35 FRFIEE: £ T 283.3 eV 1) C-B 4.
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284.8 eV ] C-C . 285.9eV [ C-O # LA K 287.1eV (K] C=0 8, X PYIIESE I FESE 7 HH(B)F14E(0) )k
DB 2t 7K E MR RS2 . 54T, £5% Ru/B,N-CNT ] C 1s i EI(WLIE 5(c), # 5(d)),
RS AR, FRATTRERS IR H PUAS e fEk 16 . C-B (283.6eV). C-C (284.8¢V). C-N (286.1 eV)LL K C=0
(287.3 eV)o IX— R I B M oA ST HIUESE T (B)FIAU(N) C B Hh 5 2 B GOK & 1 e dii o
Ruw/B,S-CNT [FBRACKE B 424, S2p KK 5(e), K S(OOMIfENTIE R T =N REREIE: 7T 163.8eV
'S 2psns 164.9 eV 1S 2pin LA 168.1 eV KI-C-SO-C-, X EEIEA7 ) H BB FE 7 i (S) 76 R B L 35 24
BEN TRRACKE S5 2 H[10]. BE—51M 5, 806 = MEAFIER RIS M oe R, BAOTET T
YA X ST T RERE(XPS) LA 7 HT, B IEIR A FER AL SRES 508 MR 2 IR DG Bk

Q

—— Ru/B O-CNT C 1s+Ru3d | D [—RuB N-CNT C1s+Ru3d | C [— Ru/B S-CNT C 1s+Ru 3d
3 3 3
8 s s
= o1s 2 oy
(7} 172] [Z]
c i=4 c
2 2 2
c Ru3p £ 01, Ru3p £ O1|Ru3p
B1s N1s B1s B1s
S1s
1200 1000 800 600 400 200 1200 1000 800 600 400 200 1200 1000 800 600 400 200
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4. Presents the X-ray photoelectron spectroscopy (XPS) data, specifically including: (a) ruthenium-based oxygen-car-
bon nanotubes (Ru/B, O-CNT); (b) ruthenium-based nitrogen-carbon nanotubes (Ru/B, N-CNT); (c) ruthenium-based sulfur-
carbon nanotubes (Ru/B, S-CNT)

4. RN THEWTIR X SR FREIEXPS) £IENTEER, 53 KT = F AR KR B MRANKE (CNT) T2 25T (Ru)
#1£55: (a) Ru/B,0-CNT; (b) Ru/B,N-CNT; (c) Ru/B,S-CNT

V)
(9]

Ru/B O-CNT Ru/B N-CNT e Ru/B S-CNT
C 15+Ru 3d C 15+Ru 3d C 15+Ru 3d
- - -
:.E c-C :, c-C : c-C
s s s
%) (%] [}
c c [
g g g
< < E

292 290 288 286 264 282 280 292 200 288 286 264 262 280 292 290 288 286 264 282 280
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Ru/BO-CNT Ofs d Ru/BN-CNT N1s f Ru/BN-CNT S2p

(=2

m Pyridinic-N
ridiic-N
Pgsas ev N\ 398.9eV
N-B
398.1eV

Graphitic-N
401.1ev

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

540 538 538 534 532 530 528 526 406 404 402 400 398 396 384 172 170 168 166 164 162 160
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 5. Presents the X-ray photoelectron spectroscopy (XPS) analysis results for various types of Ru-based catalysts: (a)
and (b) show the C 1s and O 1s energy level spectra of Ru/B and O-CNT samples, respectively; (c) and (d) depict the C 1s and
N 1s energy level spectra of Ru/B and N-CNT samples; while (¢) and (f) display the C 1s and S 2p energy level spectra of
Ru/B and S-CNT samples. These spectra provide insights into the chemical states and distribution characteristics of individual
elements on the catalyst surface

Bl 5. BRT=MAEZEBMWENLTIE X FEALBEFREEXP)DTER, EFUT :(FMObL)STFH 2 T Ru/B,0-CNT
FEMBY C 1s F0 O 1s BELRAY XPS iZE; (o)F(d)ERT RwB,N-CNT #5H C 1s 1 N Is BEZRAY XPS iZE; (e)FuHN]
R F Ru/B,S-CNT #£54H0 C 1s F1 S 2p BELRAY XPS it [E]

Xt EE BT T = Fh R AN R X5 2% 5w ) L 71 ——Ru/B,0-CNT. Ru/B,N-CNT PLK Ru/B,S-CNT ff)
B 1s BEZBERE, BIERNR S IR BTG AL 55 s & B P EE M R aiizE . S IE 5
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Fios, RS AHEE 78T, Ru/B,O-CNT F£ 5 11 B 1s W8 IN AT AN = AMFHIE RS : B-O 8 (H7 T 192.7 eV).
B-C 8 (7T 190.2eV), LK B-B 8 (i T 187.0eV). X—45RMHTE R, it &R EELL B-C-0 Mtk
BN BIBRGOKE B 42450 2 F o RwBN-CNT [ B 1s i R T =AM R E W, 5N T B-0(193.2
eV). B-N(192.3eV) M B-C (190.8 eV)[&EAfiE, X5RFIBE /NG R EZ L B-C-N ML ST %M
BHOZE . 0% Rw/B,S-CNT A R[] B 1s s 7 =AN KB4 G REIE(E: B-O (193.1 eV). B-S
(192.2 eV)HI B-C (191.4 eV), Xebzh FILEFRWMITER 2L B-C-S B FIRS A TR 2 (1],
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Figure 6. Compares the performance of the four electrocatalysts—Ru/B, O-CNT, Ru/B, N-CNT, Ru/B, S-CNT, and Pt/C—in
catalyzing the hydrogen evolution reaction (HER) in an alkaline solution. (a) Polarization curve analysis; (b) Corresponding
Tafel slope plots; (c) Evaluation of the catalysts' current density and intrinsic current density at different potentials; (d) Meas-
urement of the {-potential values for Ru/B, O-CNT, Ru/B, N-CNT, Ru/B, S-CNT, and Pt/C ina 1 M KOH solution; (¢) Detailed
determination of the activation energies for Ru/B, O-CNT, Ru/B, N-CNT, Ru/B, S-CNT, and Pt/C; (f) Chronoamperometric
curves recorded under a fixed voltage to achieve a current density of 10 mA-cm™
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Figure 7. Shows the ECSA-normalized LSV curves for the catalysts Ru/B, O-CNT, Ru/B, N-CNT, and Ru/B, S-CNT, along
with their corresponding HUPD ECSA values: (a) Comparison of ECSA-normalized LSV curves; (b) HUPD ECSA for Ru/B,
O-CNT; (¢) HUPD ECSA for Ru/B, N-CNT; (d) HUPD ECSA for Ru/B, S-CNT
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Figure 8. The presentation includes a series of key charts, specifically: (a) Nyquist plots of palladium-based catalysts supported
on different carbon nanotubes (CNTs), corresponding to CNTs modified with oxidized oxygen (B, O), nitrogen (B, N), and
sulfur (B, S); (b) Bode phase plots for these catalysts; (c)~(e) Bode phase plots of Ru/B, O-CNT, Ru/B, N-CNT, and Ru/B, S-
CNT at various applied potentials; (f) Comparative analysis of Bode phase angle responses under different applied potentials
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