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Effect and Mechanism of Co-catalyst Co-Pi Impregnation by Light Assisted
Electrodeposition on Solar Water Splitting Properties of Ta;Ns Photoanodes

LI Ming-Xue* HAN Kui LI Yan
(College of Science, China University of Mining and Technology, Xuzhou, Jiangsu 221116, China)

Abstract: Co-Pi is a cheap and high efficient co-catalyst for water splitting. The impregnation method of co-
catalyst is very important for water splitting property of photoanode. Therefore, in this work, for Ta;Ns photoanode,
a series of studies about co-catalyst Co-Pi impregnation by light assisted electrodeposition have been developed.
The results suggest that the incident light intensity during the Co-Pi impregnation process has little effect on the
water splitting property, while the loading potential and the loading charge have great influence on the water
splitting property of Ta;Ns. In addition, the transfer of carriers on Ta;Ns/electrolyte interface has been studied by
electrochemical impedance spectroscopy test and simulation. The results suggest that the photo-generated carriers
transfer can be efficiently regulated by controlling the loading potential and loading charge during the
impregnation process to improve the water splitting property of Ta;Ns. More importantly, the best loading potential
of Co-Pi keeps almost unchanged for TasNs with different roughness, while the best loading charge has positive
correlation with the surface roughness of the phtoanode, therefore, the loading charge should be adjusted by the

roughness of photoanode.
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1.1 Ta)N; #EERH &

WL 48 Ta B A A AL & TagNs HUAR
HAARB R . FIE VR Ta FrlCA S 35 b v 43 )
1E 580,600,620 640 °C, =5 AH T B5E 30 min,
38— Ta,05/Ta MK ; SR 5 HFEN 1 Ta,05/Ta L
ANEA i A& ST T 850 Tl ke 8 h, 155
TasNy/Ta, Z i H 500 mL-min™',

1.2 BAERFBENFEEERE

HL b2 Ko Ak A AR FH = R R 4t , TaNs
SO AR AE o TAE A, P 7 7 X A 1
FH R B (SCEVWE NS, LAk TAER, Ry iR
4857 CHI600B A, FLA#MA 1 mol- L™ NaOH /K%
W, BHBTIE (EIS) M it R A = Mt R4, R ALY
H Solartron 1260+1287 ML {L2= TAER, , StrLfL
W Ay OGRS B A7 (USHIO optical Modulex,
500 W)t T, A o't Ha, Jit e BE 470 35 D0 4k £ AR A% e D' i,
ST Dtk A8 SR R B DR R A
1.3 RETAREHBENLF Co-Pi

HAEELH] 0.1 mol - L' A MEIR 1 22 sl i W (pH=
7); SRJE MR MW T N A Co (NOs),, Bl 0.5
mmol - L™ Co(NOs), Z& MR W ; eI, K DGl B i 70
FUJ5 2244 Bl i AL R Co-Pi $H 2R AE Ta,Ns O FH A% 2
T, D LT AR 2 B b DA GRUART AR R S U R A
(149 0'6 BRI 38 ak ) 38 5 IR AR5 B IR R O
L T AR 2K Co-Pi o B2 H A8 71 i R 4H 28 H o
2 GR5iTR
2.1 EEIIRIEH Co-Pi Xt TaN; 5 Rk I EEHK

A

S L I R /INRE 6% [ B PEC 14 3 20 fif K RI0OR
MRS, B4R Ta B 435I 7E 580,600,620 .640 °C
AL PR AT B — 2R B2 R W] 1Y TasNy/Ta 6 B,
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Fig.1

(a) Photocurrent-potential curves of Ta;Ns photoanodes of different oxidation temperature;

(b) Photocurrent-potential curves of Ta;Ns-620 °C before and after Co-Pi loading

HOGH WA 1a FroR, & SAGTR BE 9 E& T TasNs
G HL AW A, P TaNs-620 °CHE i Ry il 78 3
2 T AT 6 VTR IR A B AE AL ) Co-Pi, $HEK
S 896 A 2 o K PERE QD& 1b v s (48 XPS
WE , PG R RIE Co A1 Ta 1Y JE 4 E0IE R
0.50), JCHTTRHRZL Co-Pi J&5 ,Ta;Ns BT )5 H 3 1]
R, RHHERTA L, PR AR 0.3 V; H
Co-Pi H#J5 Ta;Ns 1 56 HL Uit K Wi 42 T, Co-Pi $H 2
J&F TasNs 6L it /2 FH AT G LR Y 6 A (I i s
1.23 V(vs RHE, F[Al)), J&F LKL #e A
SO UTRHEL Co-Pi M 451F
2.2 FEITIRIEE Co-Pi WIEHEM
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25 7 A B A TG AR 25 /U Co-Pi $H 2 JE Al
AR He 52 0 25 7 s 41, T BLEZ 520 Co-
Pi PR R W) B30 T Co-Pi RYFHZ 1M

H A JE R B R $H 28 X Co-Pi $H 2R 1 52 1)
wANBARG, ARSCH T Co-Pi $H 304 2 v ok Ie o 3
( 2a, 2w =R 0.55 V, &K 1.9 mC-cm™?) Sh
i (18 2b, FH OG5 100 mW - em ™2, $H 0 &
H9 1.9 mC-em™) FHEHL & (] 2¢, HEBOGE A 100
mW «cm™2, ZM R 2 0.55 V)X TasNg/Co-Pi 2 7
A BH B 53 i K Pk BE 52 W o B LA o P 4R S
Ta;Ns FK I Co-Pi M &1, K 1 45 VAR ST 4
# Co-Pi J& ,Ta;Ny/Co-Pi HLH F 1 Co Hl Ta 1Y 5+
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TasNy/Co-Pi J't: HL it K /NAHARL 156 B i (T AR 40 2 B
A 70 1 A5 ' B B B X 285 ' B B 40 e K
REHE TH 9 52 e 258/ 0N 5 1 28 0 < 7E 0.45~0.65 V, Ta;Ny/
Co-Pi JGHL IR BE AR, AR T 50 T 0 fmd Fe 7 [l TasNs
Ot FEL YA B4 T TR /) HLBE B P 28 R 1 B T TasNS/
Co-Pi BGHL AW T, B EHR 1.9 mC-cm?

~"T@ ~T® ~To
& ) @ — a ¢
) \./.\. 2 L
(53 (53 o
2301 < 3.0 <309
£ £ E
£ 251 £25 225
E E E
= = =
3 2 3
£ 201 £201 £ 2.0
-= -= =
R R =%}
1L ’ v . 1.5 —_— I —
0 50 100 150 03 04 05 06 07 08 05 10 15 20 25 30

Loading light intensity / (mW-cm2)

Loading potential / V (vs RHE)

35
Loading charge / (mC-cm™)

Potential during the photocurrent measurement: 1.1 V

Jerl ULAH R Co-Pi i A2 BRS JE0R (a), $HAMNIE (b), HA A ()R TasN5-620 °C/Co-Pi 't FHAK B9 HL Uit =2 7] /Y 56 5

Fig.2 Relationship between photocurrent of Ta;Ns-620 °C/Co-Pi and the light intensity during Co-Pi loading (a),

the potential during Co-Pi loading (b), and the Co-Pi loading charge (c)
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Table 1 Atom ratio of Co and Ta in Ta;N; after Co-Pi loading by different condition

Loading light

Loading charge /

intensity / (W -cn) Ne, I Ny, Loading potential / V Neo ! Ny, (mC-cm) Ne, I N,
20 0.52 0.35 0.38 0.8 0.30
50 0.49 0.45 0.50 1.6 0.38
70 0.51 0.55 0.50 1.9 0.50
100 0.50 0.65 0.49 24 0.74
150 0.50 0.75 0.46 34 0.85

B, TasNy/Co-Pi F % LI B i | 2, B PH 0
9T, TasNs/Co-Pi G HL I ST B I, 25 1 Tk |
FH A H R 28 H 1o Bl AR ] Co-Pi DG TR
BB Z X TasNs-620 °C, Co-Pi R L 2%
P Fe AT 22535024 0.55 V, 1.9 mC-em™2,
2.3 Co-Pi HEHFHXI Ta,N/EBERAEEIRF

15§

Ta;Ns 73 i 7K P BE 9 o 1% B 42 B T A 800
+ 1A% B A%, Ak 2 B BT 3 (Electrochemical
Impedance Spectroscopy , EIS) &8 7% 2 T 14 v 48 37t
TR WA ) TR ARSI T A ] $H 48 e s
KA HL HE T TaNy/Co-Pi Y EIS i IR w4510 T
Co-Pi HHER A X e AR R FAE f i s2 . BH LA
AR A /N T B F AR /A R TR T B T
SEN RN R 7187 N SR Y O N = B A TRy L =
3a.b U], T M AR EOC AT MRy
0.55 V I BHBTH 2458 d5c /N | TagNs 19 5 18 20308 4
BRI, HE T, LA 3¢ R L K ] xR
3a.b [ EIS #EAT AL & 3¢ ' Cy R 7300 R
TazNs %5 8] H faf )2 09 HL 25 F AL BHL , Cyy Ry 3 91 671
TasNs Z W5 2% )2 17 FL 28 F B A AL S i B . Ry
R A% o 2t S 7 1 D' PH AR /P A Y A 1T 1 280 s
24 TSR Ry, BAT,055 VH Ry

9035V B Ry M9 76%, 5 0.75 V ) Ry 1 60% 5
MYEHEE ,0.55 VB Ry (X4 0.35 V I Rer B9 68%,
N 0.75 VB Ry 19 35% , 2 AR 2l e B2 T
' BF R S T 283 o R T 52 0 1 B AR 23 A
KRR B BT H8 48 i e ) ST AR B 1 s
SR AL IR E
x2 AEEHBET TaN+620 CERBSEXRBTH
Elik R EEBMERE R
Table 2 Simulated Rc;of Ta;Ns-620 °C after Co-Pi
loading with different loading potential

I{(,'lv / Q
Loading potential / V
Dark Light
0.35 11270 51
0.55 8 659 35
0.75 14 320 99

ALY | KIS E 854G 24073 B 4H 28 L 58 %) TagN; 43
fift KPR RE R ) AR AR SR TN 4 B, ST 4
AR, PPN TGRSR Co-Pi
A AN 1.9 mC-cm™ [ Ta;Ns [ BLIC I /)
Rep MIASSHIE N 3 B G 25 A0 15 LA TA) | 6 18
THZEHEH 1.9 mC-em™ B Ta;Ns 19 Re, fefl, $H
A AL T a5 T 1.9 mCeem™ B R, #B B i 1
g X g5 R UL Co-Pi M L FH R 1.9 mC -
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Fig.3 EIS spectra of Ta;Ns-620 °C in the dark (a) and under irradiation (b) of Ta;Ns-620 °C after Co-Pi loading with different

loading potential; (c) Circuit to simulate the EIS data
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Fig.4 EIS spectra of Ta;Ns-620 °C in the dark (a) and under irradiation (b) of Ta;Ns-620 °C after Co-Pi loading

with different loading charge

&3 A[E Co-Pi#HEHET ,TaN:-620 CERER
AEBTHERFEEMER R,
Table 3 Simulated Rc;of Ta;Ns-620 °C after Co-Pi
loading with different loading charge

Loading charge / Rl Q
(mC-cm™) Dark Light
1.6 12 350 90
1.9 8 659 35
2.4 7736 53

em 2 H 3R /N ol AR 22 B2 R Ta,Ny/H A o 57 i
b WA O T as ek o3 i KO E AR BT
W] 3o M1 16T H 28 FRL 16 TN 0 fifk /K 1 BE B A9F 52
iR, K 7RI TR L Co-Pi s FErh 1

AR INER
2.4 TaN; EBEB T BKERERER FWIZITA
5 Co-Pi IR F

25 L TIR | Co-Pi FHER S5 ELHEFZ A TagNs S 1A
i Tz , AR T Co-Pi J5 I TaNs J6
PR I T B LW 5 fTs, 18 o0 % L f i 4
Jiirs . B 5a.5b 5c¢ A1 5d 43 50 FH AT AR 2R
HLHE 1.9 mC-em™, P8 17 R A S5 1Y) SEM B, FR 4
A LG ,0.35 V 04 Co-Pi J5 TasNs 2 1 A7 £ AR
Co-Pi 777848 = #H 2 M JE 2 0.55 'V, TasNs 2 11 s R
Co-Pi ¥ Z Mk — 25 $& & 200 K 2 0.75 V, TasNs
FH Co-Pi 434 A1 0.55 V B AHALL , 4N 4 Jr 7 AN [H]
FHARAR R T TasNs 10 1 Ny/ Ny, FERRFEAAE (4

(a), (e) TasNs without Co-Pi loading; after Co-Pi loading with loading charge of 1.9 mC-cem™, under loading potential of 0.35 V (b), 0.55 V (c), 0.75 V

(d); after Co-Pi loading under loading potential at 0.55 V, with loading charge of 1.6 mC-cm™ (f), 1.9 mC-cem™ (g) and 2.4 mC-cm™ (h)

Bls  ARZPECHRUTBHHE Co-Pi RIS Ta;Ns & il SEM [l
Fig.5 SEM images of Ta;Ns before and after Co-Pi loading under different conditions
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T4 FEEGHHXBMNIREE Co-Pi Bi /5 Ta,Ns REE FLL 6] No/ Ny, Nn/Ny, ¥ Neo/ Ny,
Table 4 Atom ratio of No/ Ny, Nx/Ny, and N¢,/ Ny, of Ta;Ns before and after Co-Pi loading by different condition

No/ Ny, Ny/ Ny, N,/ Ny,

TasNs 0.35 1.43 0

TasNs/Co-Pi-0.35 V 0.36 1.42 0.38
TasNs/Co-Pi-0.55 V 0.36 1.44 0.50
TasNs/Co-Pi-0.75 V 0.41 1.43 0.46
TasNs/Co-Pi-1.6 mC-cem™ 0.34 1.45 0.38
TasNs/Co-Pi-1.9 mC - cm™ 0.36 1.44 0.50
Ta;Ns/Co-Pi-2.4 mC - em™ 0.35 1.44 0.74

9 1.44); BR 075 VHEIG No/ Ny, WA THE (8
0.41), HEH BT 2L Co-Pi J5 TasNs KR IM N,/
Ny, RS (2975 0.36),No/ Ny, T+ 155 R TagNg %
THI B AU Ak, FHER AL 0.35 V FHiR & 0.55 V, TasN;
FM Ne,/ Ny, FHiE5 (AN 0.38 F+ 2 0.50), 3 B Ta;Ns %
1] Co-Pi 1 48 12t bifi 5 i F Tt 55 T 38 22, 17 i s 4 22
FF % 0.75 V,No,/ Ny, F1.0.55 V B A1 A8 LA K
(M 0.50 B 22 0.46), K WIFEE 1 8000 ik — 20 T,
M Co-Pi HHARE AFARLE T . LU B4 Hral A,
eI UT R Co-Pi 1YL & rp, $H R AR R AL T
0.55 V i, A 3 2 B8 w5 HH 40 1 2 55 TayNs 2R 1 Co-
Pi WP ER MR Ta,Ns 2 18 25 i 75 iz 20%,
$i 1 3 ek K AR S AR A R B T 0.55 VIR K 3 L
Ta;Ns 2 ML, Ak ™ A B SR 2% AR S ol 2R 20
FEATOHIEERFE G, FRILE R T iz
RUR BT AR o il A R

[l Se 5f.5g il Sh 735l R AHZHT, PR 40 28000
JE 0.55 V, 7 2 5 SEM K], 3 W] Bl & $1 4
HL 3 (9 FF 5, TasNs 2210 8K Co-Pi AW N, Hy
4 "], Co-Pi HH A L 2 $2 T X Ta N5 1 Ny/ Ny,
B Nyl Ny, JLF- I 5200 (No/ Ny, 2929 0.35, Ny/ Ny, 24
i 1.44), T No/Ny, B & $H5 28 B & 0 T &5 A 38 K
(K5 PH 28 B 1S K, N,/ Ny, A 0.38 42155 2 0.50,
Ak 242 = 5 0.74), No, / Ny, 8K Ta;Ns K1 Co-Pi
PHE R 255 08T AT Co-Pi 1 S5 Pt $H 2% i
N 1.9 mC-em?, & F b & 06 8 28 B & Co-Pi #E
Ta;Ns Z M A HBE AL | RAEWE 780 bt Az 2%
T IR aE T et P 2R = U Co-Pi TE
Ta,Ns 22 A9 HH AR L )| 2 BRI AR 200 T4

25 LAy M, TasNs 6 BH AR 2 181 7™ 480 f2 I 1 3 3R
BN A L A JUHE TapNs 19 25 ] HL A SR R
T8 8 TagNs 20 200 170 3 AL R AL, KiE 7

FIZ8 A 2 1B B 25 AP ) 7= ) Ak 2 & TasNs o6
FL U S il K RCRAIR . IR R Co-Pi BE A A KOG
A28 I BRI ZS N R T R A $iE ) TagNs 20
HL 125 7Y 4 B8 B A 50 Rk S8k Y s
WA FEK E b H S I SR R TagNs O LT 2
O3 ROKARER  HON A O 4805 138 2o % 4 2 0% B
e 2% 1Y 25 7 S U Co-Pi, LT Co-Pi £
Ta;Ns #1025 7O BAR R BRAR T A28 it
R B Co-Pi MIFEES | DI 25 7 GE RS 2
B SR AL K, S TR 2 B
AT Y 7 1 T8 A R Tk 2D A ORI F I R TR A
FE % I PR BH AR 2R K Ak 3 ) 27 i B2 48 v 0 i
KR I HBIEAL T Co-Pi 14 28 5 X TaNs 3
16 AR 2O T S AT R KW | Co-Pi 1 #H 2%
it A ak it 22 45 2 BEAIR TayNs 2 11 200 7 il 18 0% |
BN T E A K LR Ead i
A e B #H 22 L H BB A5 A AR 1T TagNs 1 Co-Pi
f P 2 i | AT 195 TauN 2 1 7K SR AR
2.5 TayN; PR ERL 5 & &Mk

K T AEW] TasNs/Co-Pi 73 it /K B9 774, F AT ik
T Co-Pi #1251 TasNs-620 °C (1 £ 658 100
mW-em2, #HZ W E N 0.55 V, #HE BTN 1.9 mC-
em A WERE PE B H, 7 0, BYIERLEE ROR | an &l
6 ftn, 2 h Bk RIS, Y I T4
30%, 7= Hy 7= O, BIE RIS S04 500 88% . 77%
RN ACEY T 70% , G G 2
Sk B T oK SN I AR TasNs w858 BB 19 85 ik
XPFREAR OGN , H™ H, BE R ROR S T
75O, P ROR | R D A 28 XA HY0
F [l B 30 7T B UM TapNs RS, AR N, FRATiE &t
XPS 32 7R MR FT /5 TasNs/Co-Pi 35 1 (1)
JCRIFEF L, I No/ Ny, B IXHT AT 0.36 35 K 5
WS 1Y 0.49 , Ny/ Ny, B1INHT Y 1.44 % 05
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1) 1.32,Ne, / Ny, B30 5T 69 0.50 [ 9 03 J5 1Y
0.39, JtAe e RS 2R 1 N Co & fit B /b | i
O Fit BB T m, WESE T 28 MK B2 o Ta N 9 5
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Fig.7 Relationship between photocurrents of Ta;Ns samples with different oxidation temperature and the potential during

Co-Pi loading (a), and the Co-Pi loading charge (b)
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(e) Surface roughness of Ta;Ns samples

1.0

(@)

I
%
L

g
N
N

Loading potential / V (vs RHE)
<
~
A

o
[\S]
I

0.0

200 400 600 800 1000 1200
Surface roughness / nm

@
=3

(b)

N
n

g
o
2

Loading charge / (mC-cm™)
5 G

<
n

0.0 T T v T T
200 400 600 800 1000 1200
Surface roughness / nm

KO (a) Dt PR 2 MUK & AN (I Co-Pi H 28 M I 22 8] 9 5C & (b) o6 B AR 3% TS J3 A Re (L Co-Pi #H 2800 &k 22 ] Y ¢ 5%
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(b) Relationship between surface roughness and optimal Co-Pi loading charge of TasNs samples
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