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Abstract

A cobalt-doped tungsten nitride/nitrogen-doped carbon composite (Co-W:2N-NC) was successfully
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synthesized via a one-step calcination method. The morphology, structure, and cathodic oxygen re-
duction reaction (ORR) performance of the as-prepared material were systematically characterized
and evaluated. The experimental results indicate that the Co-W;N-700 catalyst, prepared at 700°C,
exhibits the optimal catalytic performance, outperforming samples synthesized at 650°C and 750°C.
This enhanced performance is primarily attributed to the abundant structural defects and an ap-
propriate degree of graphitization achieved at 700°C. To further enhance the catalytic activity of
W2N-NC, Co was introduced to modify W2N-NC. The incorporation of Co modulates the electronic
structure of W2N and influences the mass transfer process during the ORR progress. Electrochemi-
cal tests reveal that Co-Wz2N-NC-7 shows the best ORR performance, achieving a half-wave potential
of 0.82 V, comparable to commercial 20 wt% Pt/C. In a 15-hour stability test, the current density
declines by only 9.5%, outperforming 20 wt% Pt/C.
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Table 1. Experimental instruments
1 LR

P& =N UR=) PR
X S RATHHX Rigaku MiniFlex 600 H 7 Rigaku
P T B Sigma 300 4 [E ZEISS
pii I T G Talos F200X G2 %[ FEI
X St i 1A Scientific K-Alpha 2 Thermo
VA= i LabRAmM HR Evolution H A Horiba
FEAR I S LA A BT A ASAP 2460 S [E Micromeritics
ik [ 5% R A AFMSRCE % [E PINE A
HaAb 28 T AR CHI660E/CHI760E R E IR A A

2.2. $HIBZAALEE/EIBAER Co-W.N-NC L HHI&

W,N-NC #HEHE i %: # 0.725 g WCle i T 20 mL ZEErh, 38 AEY, 4k 30 min, BEJEMA
1.244 g BKWE, $iFE 4 h, AT 100°CTHE. HTEFESBANE L, Ar 2R, BL5C mint i F
RS2 700°C, R 3h, o AR EI R =R, 193] WoN-NC MRk, ARAEBSIR AR, Frigshkt
7396 % N W2N-NC-650. W,N-NC-700 FI W,N-NC-750.

Co-W,N-NC #BH 6145 : # 0.725g WCle AT 20 mL ZEEh, LAY, HidE 30 min, BEJE 0
—E B CoCly6H,0, #HFHIEM, x% AN Co 5 W il Co SR IKERIEL, BN 1.244 g Bk, FHikE 4
h, MAET 100°CTHE, BrEZRIEN. B TEREFEGBNE R F, Ar S5, BL5C mint AR E
FILE 700°C, fRilh 3 h, EEHRAHEER, 7152 Co-W.N-NC M &L, RIGE SRR, Bt
KLY 5l fiy 4 Co-W2N-NC-700-3. Co-W,N-NC-5. Co-W,N-NC-7 il Co-W,N-NC-10.

2.3. EjtiA R AN (LM BT

HLAb 22 BB : ORR A /27 CHIT60E HLAL2 TSk R F = r bl Ak RBEAT . A 1AL A 38
T AR AE R TAE HA . AQIAQCT FARAE N S L B B FEURAE st AR A R = Rl A &, 7E 0.1 M KOH
FELAR VR P AT IR

TAEHMR S K 3 mg HEAGTRIFT 3 mg 7k HE 73 HIEE &5 800 uL ZEEAN 50 ul Nafion ¥R 1R &
W, A 2 h RIS SR SR . BEE 27.9 ub 8% 37.5 b AL BKEIRTEE A 5 mm
(1 [ 4 P AR B BLAE N 5.61 mm MRS LRl b, L AL 13 0.5 mg-em 2.

3. XRHER5TTie
3.1. W2N-NC F1 Co-W,N-NC # %l 3=4E

P 1(a) AN BB IR B R 43 2 WoN-NC AR XRD IR 45 5. 7T LU H, AS [FBSE IR R ) WeN-
NC 7£ 20 24 27 /e A ¥ B 118 kb, 0h AR I R SRS AUk . 7E 20 4 37.7° 43.8°. 63.7°F1 76.5°
(L B I ATENIEAELE, 23 HI%F R T WoN #)(111). (200). (220)F1(311) %4 if, 5 WoN-PDF#25-1257 b
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RAAHXRL, IZXUESE T WoN-NC (IR DIl & o BRIEEZ Ah, B AL IR IR L A T i, AT A 45 4 52
FRSRBRLT , 775 0 P 5 B I M A5, I B WoN-NC-750 7E 20 2y 80.3°Abids tH 3L 1 (222) ét I FRIAT S 0 . R
& WoN-NC-750 HA BT 45 M, (ERREEBRIR LT, dhh RO B2 28k,

i 72 O6HE (Raman) M 1 AL R AR 25 . £E4 1350 cmt H L AUy D U, S ap kL
RIBRIE AN TE P 454047 555 722 1580 cm ALt LGy G g, SRRA B A S ALRE A R L5 H A %, D
WA G IEHGE T sp? 225 5] 1(0)RAFBAEIRE T WoN-NC ) Raman &, X [&l1 747 Al 5%
Io/le MILLAE . &5 RFEH, BRI T 1o/le LA IZMING K, IR i S0 iy fEE AL 7 b Y SR i 22, T
PASRHEEE 22 VG R A i, AT B 5 ORR AL RE . 2 MBbeili  750°C I, THELRTA3H In/le 2 1.44, fi
TR EAE AL R 380, (AL S L PERERRAR, #1E Io/le AT AT ORR iLF2[18].
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Figure 1. (a) XRD patterns and (b) Raman spectra of W2N-NC calcined at different temperatures
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Figure 2. (a) XRD patterns and (b) Raman spectra of Co-W2N-NC with different Co content
[ 2. IR Co &EH/I Co-W2N-NC ##1HI(a) XRD EF(b)Hi 2 EiL

K 2(a) 2 A [H Co % & Co-WoN-NC-x (x=3. 5. 7. 10) kI XRD MiRk45 . ME R LAE H, Co-
W2N-NC RFIFF i (1) XRD {765 WoN-NC-700 HIATHIEAIR], X 62 B T5 441 Co &R D, &K
SR AR B A . JE BN 10 B, JERLT WoC, 5 W,LC-PDF#35-0776 itk F AT B, X Al B2
K Co & &38m, N B2l Cofiifr, FUILFEW 5 CHEAL. TEMRM WoC AIEFEHEAE, FEE
AT A AT 15 8 2 X S 8
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FLMEAI AR B 2% Co HIBEAHHE, BLBHIBRE SRS AR R AR, X5 XRD 45 R ORFF— 2.

& 3 J& W2N-NC-700 Al Co-W,N-NC-7 {4k 571 #) SEM B, MEIFRRTPLE H, 7 WoN-NC-700 544
WES)E Co Ja, FEMMEIARKR AW RN, FZM IS PORE MG ERL, X5 XRD
Raman (145 B ARFF—5. Co-W,N-NC-7 7548 2 I 40K Fr HEZ TE BRI RTRL,  BURL 73 A7 LU 21

Figure 3. SEM images of (a) W2N-NC-700 and (b) Co-W2N-NC-7 samples
[& 3. (a) W2N-NC-700 F(b) Co-W-N-NC-7 #5#) SEM &

4 5% Co-WoN-NC-7 FEARFRAEECR TEM, 3 BISIF AT K e . & T
A IRLEE, %R WLN I (200) i ifl, X5 XRD FI4 FORFE— 3. i &/ R RIS 40 1 i 1 s
(HAADF-STEM) 5 g B X 286 (EDX)MIR T Co-WoN-NC-7 (e R A6, ME R LLEH, C.
N. W 7ERRIEIR B35 5046, BT Co & &=AEMALAIA B I, BTbh Co JeR M/ i thik .

5 J& W2N-NC-700 #1 Co-W2N-NC-7 ATt ks B . AT BLE H, Co-W2N-NC-7
(IR PR SR 2R AT 98 9 IV 2R, R B AR A A FL45H . W2N-NC-700 F1 Co-W,N-NC-7 f¥] BET LLR IR
5328 53.9 m2/g F1 52.8 m?/g, Co-WoN-NC-7 LR AR T %, nlEe2H T2 Co FrEL.

6 #& W2N-NC-700 Fil Co-W,N-NC-7 [f] XPS fEifi &, M XPS 4xifidn] LAF H (/& 6(a)), Co-W:N-
NC-7 F1&H C. N. O. W, Co iiMtE, F£H Co MINBI1E WoN-NC-700 H1. 4] 6(b)/& C 1s HIRENE
B, MR DAV EE B = ANEFAEIE, 2» 56T 284.8 eV, 285.4eV. 287.5eV A, XfM C-C. C-N il C=0,
H C-N BRI B 243 7 BRIEE E[19]. 1 6(c)/E N 1s RERE T, M B dr il UL EE 3 = MEFE I,
4352 pyridinic-N (398.4 eV). pyrrolic-N (400.3 eV)fi1 W-N #(397.3eV), #E{RkiE, pyridinic-N Al pyrroolic-
N "] PAME 58 ORR M4k iE1E[10] [20]. O 1s ReitH (&l 6(d)), FAEEPMEFAENE, 437 7E 529.6 eV H1 530.8
eV &b, XFR W-O SRR TH R 4 [21]. W 4f RE4HRE (1] 6(e))F LS RIL7 T 35.7 eV Fll 37.8 eV [ — X
TV, XS5 SURSE A REMEAHTE, %t BT WO af7p R 4fs, $U0E . il 6(F)FT7 & Co 2p g
R, Eda LUE R ARE— 6 EES HIAL T 780.3 eV A 796.0 eV, Xt Co?*, [FIF7E 801.8 eV Fll 785.4
eV Kb HJIEXS B Co ) TLEIE[22]. 5 WoN-NC-700 #H L, Co-W.N-NC-700 # W 4f (45 &R ife, REHE
JEFJE BB T o B R . X — BRI A TR R TR T REEN: BAE d Rtk rehar
I RN, AR T EE TS WoN T, BARTE, SrgINGIR T BE TR
FCid e, FEOiAe DI ORI EE, AE WoN WEA 1 “H Bz RSN “BTiaEEE”
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Figure 4. (a)~(c) TEM images of Co-W2N-NC-7 at different magnifications; (d) EDS-mapping
B 4. (a)~(c) Co-W2N-NC-7 AL FIR R HA LI T HY TEM [E; (d) EDS-mapping
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Figure 5. N2 adsorption/desorption isotherms of
W:2N-NC-700 and Co-W2N-NC-7
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Figure 6. XPS spectra of W2N-NC-700 and Co-W2N-NC-7: (a) Survey scan, (b) C 1s, (c) W 4f, (d) N 1s, (e)
O 1s, (f) Co 2p of Co-W2N-NC-7 sample

6. W2N-NC-700 1 Co-W2N-NC-7 i XPS [&: (a) £iZ, (b) C1s, (c) W 4f, (d)N1s, (e) O1s, (f)
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{1 P Jie s B A5 LA, SR FH N2 81 O WA 0.1 M KOH U FLIAT, IR T ASFHBRE IR E N WLN-
NC 4L 7 ORR HERE, 25Kl 7 fivn. Bl 7() A FRIEel B WoN-NC LI CV ik, 78 O
T HL AR o OB ) AR SR 0, UE BN [RIBRORR IR FE T I AR ORR & 1%, X T AR T4 7 o WeN
RIS 220 (1 [F 4/ FH - W2N-NC-650. W,N-NC-700. W2N-NC-750 fif 5 U4 B 7 43 514 0.70 V. 0.73 V.
0.72V. Hr W2N-NC-700 FIAULJF B AT B 1E, KBIH ORR MR s il 1] 7(b) 2 A R B A0 77
[ LSV 2k, Hh WoN-NC-700 HIEIR AN 0.74 V, PEREIL T W2N-NC-650 (0.68 V)AT W,N-NC-750
(0.70 V) HEFE/RBIRAR/N BT AL BB S22 R RERIE S, FIF LSV HIZRILA T AR T 138 38
IRRER, W 7(c)Fim. WoN-NC-700 (35 FE/R A2 0 83.3 mV dec™?, /T W2N-NC-650 (91.8 mV-dec™)
W,N-NC-750 (104.9 mV-dec™®), K i WoN-NC-700 FAE R [ N3] 71 % o X W] g /2 BT W2N-NC-700 17
TENFLEERIINIR T F 7534, RIS WoN-NC f77E5E 2 B e v] AR L 38 2 (1 S REFSPEAL AL THE TA
SRR R AL TRUTE 0.85 V A PR v 14, 5 S 4 1] 7(d) T s s WN-NIC-700 Fr9Jof 378 14 43 31 A& WN-
NC-650 il W,N-NC-750 (1] 5.2 f5#1 3.8 fi5, H#t—PIUEH] T WoN-NC-700 FfL S fE . FI e % PR 4 Fa A
(RRDE)MIHA T 13 WaN-NC  Z FIEAL I ) o 7 i BRI B A7 %, 25 R 8, AFEAEH N ORR
B PRI R A OB , HS E A R, KT 15%.

a b ¢
R 0] ——wWaNCeso 124
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S <14 = 1.0
< < & )
£ g 4 WN-NC-700:83 3 1y g
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Figure 7. Electrochemical tests of different W2N-NC catalysts in 0.1 M KOH solution. (a) CV curves, (b) LSV curves, (c)
Tafel plots, (d) Mass activity at 0.85 V, (e) number of electrons transferred and Percentage of H202 generation

& 7. A6 W2N-NC #ELFI7E 0.1 M KOH JZ R PRI (L FMEEMIK. (a) CV %k, (b) LSV BhZk, (c) Tafel #i%k, (d)
£0.85V AHREFEMN, (6) BFEBHMIAUI %

I A R BGER BE T WaN-NC LRI TR RE 55 3R R R DL AL 2% P AR T 1, 700°C #eke
FFEIR) WoN-NC-700 HE{L7H) ORR PERERAF, FAAEMITETEA Rk ® . (ERA R AEALTIDIR 5L 20%
PUC HIMEREZFRBUR, bl B A0d & )8 Co #t— B HRTHEM I MERE . Il i3 Co FIIMAE,
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Figure 8. Electrochemical tests of different Co-W2N-NC and 20% Pt/C catalysts in 0.1 M KOH solution.
(a) CV curves, (b) LSV curves, (c) Tafel plots, (d) number of electrons transferred and Percentage of H202
generation

8. 7A~[E Co-W2N-NC F1 20% Pt/C 4L FI7E 0.1 M KOH &k AV (L S M 8B . (a) CV HhZk,
(b) LSV BhZk, (c) Tafel fhzk, (d) RFHBEMIEHE~F

Table 2. The ORR performance parameters of different Co-W2N-NC and 20% Pt/C catalysts
# 2. F[E Co-W:2N-NC ELK 20% PU/C #4518 ORR 148685

Sample Eonset (V Vvs. RHE) Eu2 (V vs. RHE) Jda (mA-cm™2)
W:2N-NC-700 0.86 0.74 4.42
Co-W:2N-NC-3 0.89 0.79 4.79
Co-W2N-NC-5 0.89 0.78 451
Co-W2N-NC-7 0.94 0.82 5.29

Co-W:2N-NC-10 0.88 0.77 4.57
20% Pt/C 0.95 0.83 4.96

IR ALAT O, U T CV %k, Co-W,N-NC ¥ H B T8 g, 4%l 8(a)fim. Co-W,N-NC-7
(R4 S I FELA e KIL B 0.82 V, 5 20% PY/C (1 %08 JF I AL AR 24(0.83 V), T H: A e A4, 771 ) 4 JiR 0
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Figure 9. CV curves in 0.1 M KOH solution at a sweep rate of 20~100 mV-s2. (a) Co-W2N-NC-3, (b) Co-W2N-NC-5, (c) Co-
W2N-NC-7, (d) Co-W2N-NC-10, (e) 20% Pt/C, (f) Ca polts of different Co-W2N-NC and 20% Pt/C catalysts
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Figure 10. Current vs. time (I-T) cures of Co-W2N-NC
and 20% Pt/C at 0.7 V
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