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Abstract: A novel kind of electrocatalytic oxygen evolution catalyst was fabricated by introducing g-C;N, ultrathin
films onto the surface of attapulgite (ATP) via a simple in-situ depositing technique, combined with freeze-drying
and programmed roasting process. The obtained product was identified as ATP/g-C;N,. In order to achieve the best
catalyst, a series of ATP/g-C;N, composites with different mass fraction of ATP were obtained and marked as
ATP/g-C3N,4-w, where w represents the mass fraction of ATP (w =mATP: (mATP + mg-C;N,)= 0.33, 0.40, 0.50, 0.67).
Results show that g-C;N, thin layers are uniformly loaded onto the ATP surface via the chemical bond (Si—O—C),
which is beneficial to tailor the surface electronic structure of g-CsN, and provide more active sites. Their electro-
catalytic oxygen evolution properties in 0.1 mol/L. KOH were investigated. It is found that ATP/g-C;N4-0.50 pre-
sents the best oxygen evolution catalytic performance and has excellent oxygen evolution stability. Its oxygen evo-
lution over potential is 410 mV and the Tafel slope is 118 mV/dec at a current density of 10 mA/cm”. The results
suggest that ATP/g-C3N,4-0.50 can be used as a potential oxygen evolution catalyst.

Key words: attapulgite; g-C;N,; electrocatalysis; oxygen evolution reaction

Wi HEA: 2018-08-15; WBIERFRHEA: 2018-10-09

ESWH: HK A AR E(51472101); LA N KAA I H (Y-31); VL7540 H AR5 42 (BK20161305); Y754
R R 2 AR B 1T RI(2017103230047)
National Natural Science Foundation of China (51472101); The Big Six-talent project of Jiangsu Province (JY-31),
Natural Science Foundation of Jiangsu Province (BK20161305); Undergraduate Innovation Program of Jiangsu Prov-
ince (201710323004Z)

TEEEN: ik B1996-), F, WiL#F5 4. E-mail: 545590570@qq.com

BIAES : SKkAIH, #I%. E-mail: zll@hytc.edu.cn



804 T AL A R R

34 %

ARG M ER . Bl H iR+ S5
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J7ik, MKl AR AR EEARAE . T2dE
6] B A TG V5 Y S5 AL AL, H 1800 4 Nicholson F
Carlisle I T HMARBA LSRR, Bk HA G
Tz R ARR AT A — B m AR RE
TR A, DR G o] BRAEC AT 2800 H A7 B o H A K
AR, TR R BT R AR AR, B
PR AR I H Ay, B v FE AT 801 ek 1 ek /> e FE 2 H
R RL 2 F 70 i 2 s P

IR TR B, A 22 AH B AR (g-C3Ny) A
A A B R, T EL A R E
Ak e tE g LB LE . ARSI A, =
g-C3Ny WE S B2 8 BA SR Ja ey,
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TR RS S T RS TR TE . 9 TR R g-CNy
A TSR, AATTREL T — R 508tk 77, s
M&R/AEERICENB R eIt At
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HEFBCORIAE g-CNy MRS &5 M. 30 Lk R 1
RO o, o g-CoNy RIES &k —4E 2 408], W]
CLP= A O 22 1) e TH A MR AT, 46 R R R) O B ik R
B, RPLH m H A s e e, (R AR R
gLrEas. ¥ g-CNy kT & R IR AR |,
TR KR FE 3 i HL LR AR I [FI B, AT DA 3 By 1k
o R AR R Bk AR

[T A — o DL B K R IR R I 2 B
REEHITRE 44, B JURE (1) £ 4R o A 45 4
RIKWI N AN LR TR, 2 — PP R IR B — 4E 49 K 4
Bl MM HEA R E SHREMPEN BT, &5
RS B R AR OB, R LA B 1 4
HENEVEAL AU, BTk, N TR g-CaN, IR
TR N2 85 58 2 1 S BOE ME A R, AR A BAIMT A
FREAE, W g-CiNy 2 i A7 678 72 3R T, il 4%
O A A FLE AL ATP/ g-CaNy, 58— 134 )R
LB, B AR iR s,
SEIGIEWF AL T ATP/g-CsNy B A MR BT &
SN (OER).

o

1 SEIGAE

L1 EZRGHRNER

T E G MR (LT A IR LA PR A
)); KH560(F 5877 S2Re L sl A A IR A D), oK,
oK L A AR = B U () 24 B AL 2t

ARAA.

FEAES: HA S T AES GHI-660E. WA H 7k
HLA CHI-150( I ifg R A A A% A | ), HLRAGE IR 35X
FHEAE (LIRS A R A F]); s H#s DF-101S
(THA THEUBAERAA); BHEHRKRNETE
SHZ-DCICR ST s T A ) ) o
1.2 HllEELT

(1) %% g-C3Ny #F i

FREX 0.4 g = FREUIE /3 HUAE 50 mL £ B 1K
i, L, 80 CWEERI 2 h, HE AR T
48 ho FEYIWEEE S I BA SR, R A BT
EAYh, AR TR R, FHEROFET N
0.5 h \FIEFHRZE 500 C, {##E 2 h J548%4E 2 min
FHEZE 520 C, R 2 h FEHARKREE=E, 79
WHES Z= 60K, 45 B AAH g-C3Ny.

(2) 4 ATP/g-C3Ny B

(a) TEREMEBGTISE: FRIC3 ¢ MR A A 100 mL
(1 2RAR O N DU SUpe i b, BEFEI 5T, TR E
60 ‘C&i 0.5 h J&5, WHF-AIMA 2.5 mL KH560,
LN 4 h, SN PR Ik B8 4y B JE A R
TR LBV, FEAE 60 CHEF b T, 153
ATP-KH560, #ff Bt 200 H (75 um)fii & F;

O)YE A MR HI &L F2: FREL 0.302 g ATP-
KH560 47 BL7E 100 mL (15 851K, A G 2R
JEIMAN 0.604 ¢ =ZFU, Hidk, 80 CYEERIVL 2 h, 42
FWHT R 48 ho PEYIREEE G MR A F S, K
AP ETE S, EERAA FREF R, T
BT N: 05 h NZERTFHESE 500 C, fR#E2h )5
4k 4 2 min FHZZE 520 C, AR 2 h G HARBFRE =
B, RAOBEEERR, 15 ATP/g-C3Ny4-0.50 £ &4
Bl KA LR FEAEM T, W = RE S =
Bl AR = REE S =R ATP/g-CN, B & Mk
(w=0.67, 0.40, 0.33 I}, = REF & HE5 5N 0.604.
0.906. 1.208 g).

QYA TET R, WIS s s g-CN, 54l ATP
1% LE 451 147 HLA VR A (Mechanical mixture), iR
AV AT S PR
1.3 HIZER

(1) T 2% Y A R

HLFLAE N 149 pm I 4 emx1 cm KNIV
B2 ), WIKHTEE, 1 mol/L 82 &1 /Kl
FIEYE 30 min, SRJEE 60 CHEFE T4

)l % &AM R Ak

53 PR 8 mg ] g-CsNy B ATP/g-C5Ny. 1.5 mg
(1 R B R T, TSI E AN 1wt%(1)
ROIGER, FREERFE RIS IREAIRE R
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W b, TR HORLE 60 C RS o TR 7
1.4 RIENFRFGZE

K it ARLXTRA % X 5280 R 7 5HCRAE
FES YA, % Beckman Coulter 2 & 477 [
Coulter SA 3100 2 5 [ L A% W B A 1K A5 o 11 bb
K A(BET); 8 i 8 5L A8 3 21 40 54 3 A (Nicolet
is 50 FT-IR)XS K BEAT 2040 ;. KA H 57 S3000
B A OB SRR OW R 3 AR
ESCALAB 250 (Thermo)%! ¥ H T e it XPS X 43
HTRE R T JC RN AS; 76 STA449F3 [F25 #4430 #7
CEERARN, FHEEZR 10 C/min) XA S 2E T #4
e ST .
1.5 s MK

il CHI-660E Hi, 4t 27 A 3l 0 3B ot FEO AT 4
PERE, R = ik R, 6 B = = AR
(150 mL), AHBIH N KENFRET A (2 cmx 2 cm), &
EE FE A D 40 A H ok BB (SCE), A s AR v [ 1l
g-CsN, AR [A] L8] ATP/g-CsNy &2 4 FL A, FEL AR
79 0.1 mol/L KOH V&K, fE¥FAR 2 th Ze il ik i) 434
HEEHN S0mV-s™, HEFHIIN 0~1.2 V (vs RHE).

2 HRSHIE

21 HEWMERIEESHR

K 1A FEAFIF XRD B, hERI,
ATP [FIAT S AR R BAE 20 = 8.4°, 19.6°. 26.8°.
35.1°, 3 L A7 5 0 5 [ (A ) R A 04 A — B
g-C3Ny TSP IR I BLAE 20=12.98°, 27.56°, 5
g-C3N; (JCPDS 50-1250) b5 #E i Bl — 2, 7 alkE T
g-C3Ny 1) 3-s- =W B0 141(100) & [0 AL 50 05 544 2
HE B T (002) & 1 P02, 50 BA 1) 45 O RE S 2-CaN,
HaifZ b . tHEEE 1@ab) l s, 784S [F EL i
ATP/g-C3N, [ B A 357 tH BT U™ i A A g-C3 Ny 1
REEUE, L g-C3Ny 2 J, M A (1430 20 4R AiF Ve B
IR, 1XSE T g-CNy LB 7R U] ™ R, 45
U™ A A PRTREAIE AR 55, 2 B et i 2 i A R
] A FRRFAE S AL, HL g-C3Ny B A 3 AE M1 A
AR

K 2 AAEEAEM B MER . B 2(a)n]
LB, BRT g-C3Ny 4b, H BRI 988 Al
1043 cm ' A HIL T Si-O-Si R ERFIE>, 5
afi ATP HEL, ATP-KH560 7 814 cm ™' 4b H 3 — AN
@1 C-0-C B4k shRHIEIE, KB KH560
CL B BT b A e T, e ), 814 cm!
A R WSO 2K, Wi BR RS BE 2 5 KHS60 WA Fk R -
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Fig. 1 XRD patterns of different catalysts (a) and ATP/g-C;Ny
with different proportions (b)
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with different proportions (b)
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B C=N XU RS, 76 809 cm ™' Ak 7 i
e ot B T =R BT C-N B 25 ih 3R 30 2, i
g-C3Ny [RIF 3 AE ATP E 7 o 454K 2(b) ] A1,
& ATP/g-C5N4-0.67 Bl ATP £ £ 7E 809 cm ' WA
LI A N R A I, B ATP/g-C3Ny A M EHT
FHIFIE S ATP/g-C3N4-0.50 FHBL, ATA1 g-C3N, ¥R
U M AL R T B A b

Wi X 4ot LT Rg 1S (XPS) 4 BT Xt ATP/
g-C3N4-0.5 R T =M & SHATH T, B 3 4 ATP/
g-C3N4-0.5 FE 19 XPS B . B4 3 HT R B ATP/
g-C3Ng-0.5 FER R AEH A Siv Al. Mg, O. N fl
CtE, H Siv Al Mg A1 O RE F MM EEA, 1
N M CRHTREEEN g-C3Nso HRHEE 3(b)+ C
Is FIIERE, C M4 & RELE 284.6. 286.2 1 287.5 eV
H L — 4L A 6 BT g-CsNy ) C-C . C-N

BC-N; . ME 3T ATELEE N 1s H =AM
[0 HHBLAE 398.2. 398.8 Al 399.7 eV Ak, 43 Xt vi
T g-C3N4 i) C=N-C 8. N-C; #f1 C-N-H . M
Bl 3(d)F AT LA H O 1s tHILTE 531.2.532.1 F1533.4 eV
(1) = Fh A [F] 7 08 23 ))& T Si-O-Si 4\ Si-O-H
N Si-O-C 5. B 3(e)shth T Si2p I =FA[F g
101.7. 102.6 1 103.4 eV, 43 #lHJE T Si-O-Si ## .
Si-O-H Ml Si-0-C %>, & 3(d)Fi(e) I &0, £
it 520 CHERSE, ATP Al g-C5Ny 2 [A)3@E i — AN i
Si-O-C #h4h & 7E — M A2 W R E LA .
B4 45 T AFM R BB (SEM) R,
HH I 4(a) P T LA H, il 1 g-CsNy 281 B 1R
git, FEEZRMERSREE. B 4b)H MmNk
FREPEAEAN 50~70 nm, Ky 1000~2000 nm
BRAR LT 4ELH e, X Fh IR £F 4 45 4 45 ) T g K i
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Fig. 3 XPS spectra of ATP/g-C3N4-0.5 samples
(a) Wide scan; (b) C Is; (¢) N Is; (d) O 1s; (e) Si 2p
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() Element wt/% at/%
Lek CK 54.78 63.41
NK 13.19 13.09
OK 24.39 21.19
MgK 0.92 0.52
AIK 0.58 0.31
SiK 2.52 1.25
AuL 3.63 0.24
AuM
AuLla Aulp
0 13 26 39 52 65 7.8 9.1 10411.713.0
Energy/keV

Kl 4  g-C3N4(a)fl ATP(b)ff] SEM & Ji'; ATP/g-C5N,-0.50 ) SEM B} (c) Al EDAX i (d)
Fig. 4 SEM images of g-C3N4(a) and ATP(b), SEM image (c) and (d) EDAX pattern of ATP/ g-C;N4-0.50

eI R . il 4(c)ffiR, ATP/g-C3N4-0.50 &
R g-C3N, 35 50 i A 37 [V ™ s 0 3R THT, JCBH
BRI G . 1 4(d)E ATP/g-C3N4-0.50 B &AL
EDAX K1, MEH AT LAE H ATP/g-C3N, B &t fl
F&H C. Ny O, Al. Mg I Si eRAM, X5
FT-IR. XPS & R—5. bls Rt — P urse
g-C3Ny 8 2 MR TE 5 Ok Th B 8078 1M B
Fm. HALELHIK) ATP/g-CsN, ) SEM B H 5
ATP/g-C3N,4-0.50 2518,
i TG/DSC FEHEE YT g-CNy I E
. WA 5 frw, M TG/DSC ik b af LA H 4l
MR R E R RIS, U 10%/A 4, X EER
H U1 A R B K 45 K R R R R 4 e
4l g-C3N, KER LT N 100%, M 400 CH-UE5 iR,
2 750 CHfgoes, EMELATH NG T, X5
HANREMIEPAH —B X T ATP/g-C3N4-0.5,
HALEFN 53%, S5H 50%MmEEREA—3, H
Loy At FE B A A ) g-CaNy B B 24K, % 550 “CH
RESEA, T HBCRE KRG N, 18 40 S 4
HMMEE AR LS, R g-CoNy L E 40 253 T
75 3 B 0 g, 5 3 E 2 1Y R A b P e AR A X
o oAt LA 1) 52 A MRS RS R, AN .
xR AHTEANEREERTR, MEFTL
E i, ATP/g-CsNy By Lth R i A KT 26 g-C3N,
(8.821 m*/g), T ELBEHE MM HE A RGN, ATP/g-C5N,

(L R T RS K. R T EAM A A
BORHIEL R T (190.8 m¥/g), T H. g-C3Ny BRI
I, WA MEAEM A R, (13 g-CNy bR
T AR K, XM A R — NN

120

(@
100 ATP

ATP/g-CiN,-0.5

TG/ wt%

100 200 300 400 500 600 700 800
Temperature / “C

ul® ATP/g-C;N,0.5

_ 12t

w 10|

g 8

S sl

E 6l

2 4r

a 0
0 ATP
-2

100 200 300 400 500 600 700 800
Temperature / C

K5 ANFEFERE TG (a)f1 DSC (b) £k
Fig. 5 TG (a) and DSC (b) curves of different samples
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#1 SHSWLLRER 80
Table 1 Specific surface area of each sample 0 gCN,
Sample Surr ' ) [ AmgcNos
ATP 190.800 '“g ol :¥£;§:23§4:8.§g
g-C3N, 8.821 L e
ATP/g-C;N4-0.33 26.980 < ig o Mochanicalmixtrs
ATP/g-C;N4-0.40 38.280 10
ATP/g-C3N,-0.50 53.180 0 L
ATP/g-CsN,-0.67 82.440 02 14 16 18 20 22 24
E/V (vs RHE)
22 HEMTEMERR 40
v \ — S " (b) ATP/g-C;N,
N T AEARFI A ATP/g-CsN, B &4 BB K 351
ATP Fl g-C3Ny MBI & %) (Mechanical mixture) ] {8 30
fcPERE, 7E 0.1 mol/L KOH W MR T sufik b7 Pl 17.62 mAfes
FUPERE. P 6 SRR RN R 2L, b e e CN,
PEFR L FE 3 R I PG 0 b 2%, 0B 1) 4 AR R = 1(5)
A RAF AL mr g s | . 2
I 7(a) A9 AR LA £ b B LB £ P B ) , ) 765 mAvem
Ha AR FR AR AL T 28 (LSV), AT L A [A) B Sl B — 12 1.4 L6 18 20
REARFE AL, LA — 5 L P B, R LT “ EIV s RIE)
&, ATP/g-C3Ny & & AR LU HUR & 905 . ] 7(b) 15[ ©) 1—— ATP/CN,-0.67 3 A
WL T ATP/g-CoN, 52 4 MR 55 4041 g-CoN LB, % ol 3 ATPE o040 ;
Il ATP/g-C3Ny H A AR B AR LI A7 AT, (HAETE S5l 4 ATP/g-CiN,033
IR bR AP R S, 38 1.7 V I, gzo-
ATP/g-C3Ny & A FUAR 1 FEL I 25 B J K T4 g-C3Ny S5t 163V
AR, UL B R T AR, X T L0V
BT g-CNy AU TN A R M2 JG, AMUE KT 5%-6”
HLAR B b SR AR, 390 T e MR AL A, TR HL R T % 1 i > 20
g-C3N, Hil ATP Z [AIfFER Si-O-C # &, AT H E/V (vs RHE)
TAEH, i m THTAMERE . B 7o) R T A
ELf5] ATP/g-CsNy-w E-EMPEHIHT A MERE, 13 2 PR, 500 - (D 500 mv
AT DR B LA RHE LR 2 O 10 mA/em® R I a0}
Ao AR, KRS ATP LL@R)sEn, &2 > 60l 460 mV s
AT E R R A T A . W 7(d) PR, é 40mv
HHAREE ATP L) 3G 0 2 FRAK S s, ok H0r
100 N, 420 - 410& 420 mV
nf P Ao ° .
o |4 ATPlgCN.040 d & @Q & &S
§ 00T e ATP/-C;N,-033 a v oég? S oég? S
E/ e f —— Mechanical mixture g Y§\ ng\ Y§\ Y§\
= Sample

10 12 14 16 18 20 22 24
E/V (vs RHE)

K6 fEAMBIEIIEAR 2 it 25

Fig. 6 Cyclic voltammograms of catalytic materials

7 ASFIELH] ATP/g-CiNy E MK KHURIR G LSV
Kl(a), g-C;N, 5 ATP/g-C;N, ) LSV X E(b), ATP/g-C3Ny-w
(1 LSV &l (c)filid v 34 %4 151(d)

Fig. 7 (a) LSV of ATP/g-C3N4-w and mechanical mixture, (b)
LSV of g-C3N, and ATP/g-C3Ny, (¢) LSV and the over potential
(d) of ATP/g-C3N4-w
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£2 ELFIE 10 mA/em” TEIMTEILHELL E(V vs RHE)H
iTE K Tafel B RIRIER
Table 2 Oxygen evolution overpotential E(V vs RHE) and
overpotential of the catalyst at 10 mA/cm* and the slope of
the Tafel curve

Sample E/V(vs RHE) n/mV  Tafel slope/(mV-dec™)

g-C3N, 1.73 500 155
ATP/g-C;N,-0.67  1.68 450 175
ATP/g-C35N,4-0.50 1.64 410 118
ATP/g-C35N,;-0.40 1.65 420 128
ATP/g-C35N,-0.33 1.69 460 143

ATP/g-C3N,-0.50 IR A HMAE 10 mA/cm® HLfL %
FE R M G AL A 410 mV, T BIAE G EL R 1
ATP/g-C3Ny HL TR %M B fe i, R Rk, B
ARAERPT AR, K e B ESMEITEEH T
FRERTIVES I AL S LITLY Y ap-SuES- A ENEC
AT S PERE .

Kl 8 N g-C3Ny A LB ATP/g-CsNy 1)
Tafel 1%k, Tafel R} A7 BEH HLIL % L3
IR PR, BUE AR AR R AR I P R A . AR
PX— 5 LEEEFR 2, ATLURIL ATP/g-C3N4-0.50 [
Tafel &% A1E 118 mV/dec /N, M1k S & If;
g-C3Ny 1) Tafel #R K, A 155 mV/dec, X Wi T4
PR 2. HE— AUl T B IR AR N R R
T ] DAOK R P 32 s T S B, B ATP/g-C3N4-0.50
1) Tafel RIZdH/D, SLBMELEAE N BT
MEBLE R, S ZSH TSt

LA by AT, BB T R A R
WK T H LR, 0T M A, R
HLEAAT AR RE . N T IRAE MR S M R ST b3k
T AU S M A BT S A M RE I R R R, WK T
FHAR A4 KL EIS #iZk. Wil 9 Fios, Frfs AR R
(19 EIS 12840 R i i H BEL R PR a7 % 326 L FHL AL ARG . B
5 U1 B A AR LA A 3 n, ARk i) H B S 9
NG, ATP/g-C3N4-0.50 B A i AR f) v i A% 33 H

0.48
a— g-C3N4 b

0.46 [, ATP/g-C;N,-0.67

0.44 | c— ATP/g-C;N,-0.50 a

0.49 |4~ ATP/g-C:N,-0.40

e— ATP/g-C;N,-0.33 °d c
> 0.40
=038}
036
034
032

0.30

0 0.2 0.4 0.6 0.8 1.0
lg(j/ (mA-cm™))

K8  g-C3N, FIANH L3 i) ATP/g-C3N, I Tafel 2k

Fig. 8 Tafel curves of g-C3N, and ATP/g-C3Ny-w

80 —a— g-C3N4

e ATP/g-C;N,-0.67
60 F—— ATP/g-CgNrOSO
v ATP/g-C;N,-0.40
—+— ATP/g-C:N,-0.33

10 12 14 16 18 20 22
zZ/Q
B9 Jubfrsa FARRHE ELS 2k
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