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1.1 FERXFSHR

S R PR AL 4E . SARAR (PACL) . &AL (CuCl). RHEREN (NaNO,) . Bk (Na,S0,). B Z
TR A RRA A R EREER . RGO BB A (KD, BLLSR (Hel), 490 E PG B Rl B0 A BR A
A, AT g BHE T sC He I (TCEMS040) 1 [ Bt N 46 IR R 4 A BR S Wl 5 52 58 /K 35 o0 8 4l vk
(18.20 MQ).,

1.2 %Ki FE R SAC-Pd/Cu@NBC HIH| &

D) BB A A BB R (NBC) Bl % . # BATRIHUE (BC) =l T NaOH ¥ 1, 7E 80 C T
12# 3.5h, WHWEFEME T 60 C T 6 hy K TG a8 -5 Z IR T IR (& CWUE ) LA 1: 4 1 L
BT 60mL B ok, 1680 C MHF:E R T, TR E TEL Ll 10 C min™ AFHE
HE, LEN, 5UH T LA 800 °C #4fi# 1 h, L840, WK NBC,

2) NBC 88 4 X453 J& f7 e Pk o PR BBUARE | il B = Jo e Vi 32 43 03 o4 800 mg L' 1 200 mg L™ Y
PdCl, F1 CuClL, i3/, PdCL, H] 1.0 mol- L™ By ERIR ¥ fi% . CuCl, H 25 85 F /K i, 1RA 5 H W 2 AH N
RR AR, FH 3% B & s 25 A A IR B VA I ;. B2 0.500 g NBC T 50 mL it ' 47 1) 442 46
RAWW T, 7625 °C T8 30 min, 7% FFRAL 30 min, BEJS 8 FE2 00 0.01 mol- L™ #l & fk
MHERABR A BOAEEE, SN, BIRAWLL 130 rmin”' #H174R5; Mg, RKEET
B R R T, ARASFE S R SR L A 84 B A7 5k (SAC-PA/Cu@NBC).
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FH JEM-2100F %135 J} th 7 B 5% 5% (TEM, H AR H TR S ah) Xk 7 s bl i RIS b 47 05 5 F
JH JISM-7600F £ X-it 2k fig 354X (EDX, H A HL F kX 2x4t) 1 Themis Z B 55 £ FE POE 0 37543 46 375
HL 7 2 7 5% (HAADF-STEM, 3¢ [ FEI /A Al) £ 7% R F F il 19 0 R AL Ak 42 RSF 5 FLA X0 Pert?
Powder 7 X PR AT S (XRD, H& 8 5 JR 3C & faf = AN R 23 7)) X o A Ak 1 F i I 1800 R A o 75
HEAT XS FEFRAIE
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SR R [ ) = AR A RN R, R 1 TR o HLHEAL A R NO, N BN AE H i RN
(10 emx5 emx6 cm) AT o BIAH BH B 28 # FEOKE S g == 40 B B . BRI AR =, [T B s e
SEETUIRE T, &5 AR SRR A 3. 430 LIRS AR (4.5 emx3.5 em) 7E R BT, FH
PG, PRREDT . PHEEMGIR A E LT, B HAR AR R 3.0 cm, Wi FHEARITRE TR E T, 4
Y H AR AR FR o BRI E I A — R B VR 9 NO, -N JE 7K Rl Na,SO, HLfF I, 78 HK ER S
WE TP PE T (BAIRSEH, 42 0.6 cm. K 1.5 cm) JF 5 B fE IR RE B PR3 &, % & 600 rrmin' 1Y
SR P LLORUE BA R % N I R e 0 TR A, PR PRI ACT) &5 5 22 R 3 1) Na, SO, L A W o
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Fig. 1 Schematic diagram of the experimental device for three-dimensional electrocatalytic reduction of NO;-N
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B2 NFEHEIREEILE
Fig.2 SEM images of particle electrode

AT LT AT UL 2% ) 6 2R A 4 TR S 1) & R ORI SN R ERIR , A A R B ek .l A
2(d). K 2(e) TLAE Y, AL 4 Ja JURE S BOME Ay, R R R 900, WA BB AR . E 20 T
EDX 145 7] W, SAC-Pd/Cu@NBC & HAITLE . T E M E,
22 ARIBEACTERAEARZERKS NO, -N K RTLE

43 S C B ) 4 R R MR A 50 mg L' Y NO, -N ¥ 7 Al 200 mg L' Y Na,SO, i i i i e, 5 0k
FHL AL 3R 2 A 100 mA, = 4 H A AR I8 LR R 43 4% SAC-PA/Cu@NBC ., Nano-Pd/Cu@BC i+ Hi Hi
0.100 g, 4k i fb ik JE AR R AT IR+ HL Ak, Wik 72 4% i SAC-Pd/Cu@NBC #i - HL % 0.100 g,
JEoK pH R 6.8, J it B AN UEAT pH #E 6, F AR A RN 180 min J5 X bb = 4 HL ffE Ak i AR 3R (SAC-
Pd/Cu@NBC). =4k B Ak ik J5 1A 2 (Nano-Pd/Cu@BC) . 4 H it b i JEL 44 22 W BHAE FH X NO, N
FBRRCR AR

WK 3(a) B, 78 4 LR AR R DL R PER T, NOy -N RBRACR# 2%, £ 180 min
N5 B4 NO3 =N i W 4303k 43.62 mg-L™' Fil 46.21 mg-L™', XA 13.32% Fi1 7.18% ) NO, -N #{
X B, 0 Nano-Pd/Cu@BC K. ¥ HL H (Y = 4 H i {638 JF K R X NO,-N 1 LB A i d& 7, Wik
76.92%, i £ il SAC-Pd/Cu@NBC 7 - HL # (1) = 4 L i Ak 38 IR 4R 2R 78 A ) 45 14 T % NO,-N 1 25 BR
RPTFE 97.66%. HAEL I 90 min A, = 4k L i fL 18 K & (SAC-Pd/Cu@NBC) Xf NO, -N f¢] %
B3 2R 45 Sl = 4k i 4k 16 5K & (Nano-Pd/Cu@BC). — 4k Hi i 4k ¥ J 44 & 0% B 4 FH 19 2.52.
17.16 1 19.02 £% o HoJ5 PR — Ty T 2 = 4 e 8 A0 348 J5UAAC 3R rpoks 7 o B 19 A7 7E BE /R 208 i NO, N 5 7%
PEOL A B2 kT, A RO N I BS K, dRA TAERIE Y 5 —J5 T SAC-PA/Cu@NBC i T HL A
BAREFYRRE S SRR N T, REFRCRER, AT R K & NO,-N 76 KL+ Hi B 3 T Y i
Ji R i R 22 T 40 K PA/Cu@BC i B4 4 oK 7 R AT 2R 17 L P s, AS T ol A b g R 2 0, It
Ab B N AR TG A5 %) 2 R H o 5 R T LA R K URL B R A Y A AR PR RE DY, AT SAC-
Pd/Cu@NBC 7£ L AL i6 J5 NO,-N I Jg 8 H A0 55 i bk
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Fig. 3 Effect of different electrocatalytic reduction systems on NO;-N removal
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A3 W C B 4G R B Sl 50, 75, 100 F1 125 mg L 9 NO, N W, AR HAb & 105 2.2 —
B}, HEWIIH NO, -N Ji & W & X SAC-Pd/Cu@NBC HL fi# {1 iB 7 NO, -N (520 . M El 4(a) ] IE
W, BB WA NO,-N B W AY T/ . SAC-Pd/Cu@NBC Xf NO, -N il it & £ R R4 T &%, 24
NO, -N HJ 4] 1 i 5 He B2 & 50, 75, 100 Fl1 125 mg- L' i, Hidg & 2 540 9N 97.66% . 97.24% |
96.21% F11 91.58% . iX &K AFE Al — L Jits® T, #I4G NO, -N i Mk BRIt , NO, N AT LI A 2L
W B FE R R R, 4R0E T NO, N5 48 ok L R EE B, i NO, N LBR R mE . Mk E )
7 NO, -N Jit i ¥R B B398 0, A B A —— 22 5 1 306 M 67 A5 AS 2 DA 1 O vk B A NOy N, 3 i
Jo R R BE 1) NO, =N 23 16 RL - FL AR 2 TP W B 56 4, 3B ZE TR MR 05, B0 NOy-N BB TP,
& 4(b) LM T NO, -N 1E K Fh ] 7= W (g A A a3, 4 4 5286 Fe 2% NO, =N T v 8 14 5 B 2 186 KU vl
NH A, IF HBE B4R NO, -N B vk BE i T, NO, -N H B3 S i 258 . i &l 4(c) T LAY
), 4415050 NH,'-N 8 e 5 Bl S 7 9 3E A7 (b 0 8 1%, 5 NH,'-N 1% 242 A7 7 — 5 Bl e
PE, A BORITE 20% DL o 27475 R SCBR N R Ab BRI, ASBIF ST %k F fe A 4R NO; N i i
He N 100 mg- L',

120% —~ 50mg-L"! 80 25 % L
= L) T = - 50mg - L~
= 100 -~ Zgomg L o i = 20} —+ 75mg-L"!
. —— mg ‘L o0 . O
on 125 me - L-! g 60 + o0 - 100mg -L
£ s0f Vs g < E 5| +125mg-L”
il i =
g 60f ¥ 40t &
i) I E 10
g 40 | i — 50mg-L"! B
Z Z 20t —- 75mg-L"! Z s
& 20t ok - 100 mg - L' fe
Z N + 125mg-L" = .
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Fig. 4 Effect of initial nitrate concentration on SAC-Pd/Cu@NBC reduction efficiency
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100 mg-L™' [ NO, -N I W, A& b+ HL AR i £ 43 991 o 0.075. 0.100., 0.125 1 0.150 g, {45 H A
M5 2.2 — BT LI SE . ] S(a) A A R HE AR 43 i 22 B NO, N 5 g i I B 1) 1% 25 Ak ik
2. ATLLE Bl R T B BN A BN, NO, N I J5S2 I R bR, id B 38 0 = 2 el i 4%
HXTNO;-N (1) LB R H A I B3 THEM . kT AR & 0.075 g B, FL 4L/ i 180 min
J& B NO, -N £ B AN 82.31%; M1 2 0.100 g A NO, -N [ 2 B ik #l g,  96.21%;
T 4 52 B T LA A B I, BRI R R AN, {H NO, -N [ Z B R E 5 R a3, HR R 2
FE — 7 3 N 3G IR FAR BRI, A R0 PR A SRR B N, NO, AN FLE Tl T 3R
NO, -N [ 2 B Fet 3 R PY, 1 ok 7 AR B & 5k Z2 0, k7[RI E 8 2>, NO, N & i #2252 fH
It FLHEZ K% 0ok Al ) e AR SR, D T TAE AR R, S BINO, N LR R R,

100 60 )
e
= =~ = —--0.1
O gol o S0r - 25'+0.125§
: N : —--0.150 g
g o 2 aof 220t
2 I PR =
g g 30t Lg 15+
e = 2 0.075 E10
i = r ——0.
S Hé‘ 01008 Z
201 Ty —-—0.125¢ Yos
c e 0150 g o
Z . z Z
1 1 1 1 1 O n n 1 n 1 3
0 30 60 90 120 150 180 0 30 60 90 120 150, 180 0 30 60 90 120 150 180
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5 AT EARIE N2 5T SAC-PA/Cu@NBC T 5 3 A ) 521
Fig. 5 Effect of dosage of particle electrode on'SAC-Pd/Cu@NBC reduction efficiency

Hi P 5(b) mT LA HY, B ORL T RS AR A A3, R 28 P NO, =N R di 28 Jo i Y 2 AH I PR A
X2 K NO, -N AR ATaE e (8] 72 4, Holol i £ MRS Pd, Cu XU J@ L Bl A R 1 HL B A
%, WEEN P, Cu X4 J& I Pk U AH B 1Y
I, A AT S ) NO, N RGAR B, AT =1 ;f:ﬁm*ﬁ‘%@m?ﬁﬂﬂié—ltﬁ{??ﬂEl"]fﬁ%
NO, -N R R R T IR, 3(©) Table 1 Masstiiz;icriai\l:ts;;jlfoﬁﬁ-f removal rate of
BT 4 2H NH,-N Y 57 5 i B Bl RE 1~ H A 4% :
Tk 64 BN 2 0 B o S A NHL N R R
A BCRAE 22% LIR o 3% TN A [RDR T

different particle electrodes

Boinig/eg B/ (mg- (g-min) ) NO, -NEEH/%

0.075 0.7510 82.31
B TR TR . TR, . o
B2 G A MO G, SRR AL s s
BRI, B, LS AR T AR R s s

DAL, R T F AR e AR BN 4R 0.100 g
2.5 MEREERFN

N 5% A [ L3R 5 B X SAC-Pd/Cu@NBC Hi i Ak 38 Ji NO, =N (9 52 i, i & ) 1 ot i vk B
100.mg L' /Y NO, -N ¥, 3 hRL 7 AL # 3% 0.100 g, 8 5 i 4 4k S5z 107 1o 8 oL 370 9 82 43 51 9 100,
140, 180, 220 1260 mA, fR#FFHABLIFS 2.2 — AT LM 5T . BT OB 7SR T) At
N R SZ LR, A A R (1) AR (5) TR
_ [(Cin = Cer) X5 = (Coer — Cain) X 3 = (Cieq — C3in) X 3]VF “

t

itpij Cin‘ Cefféj\%uyg NO37'N }imﬁﬁ)ﬁﬂ/ﬁﬁqg s mmOI'Lil; Cgin\ Czeff%%uﬁ‘j Nozi'N }i@ﬁﬁ}ﬁﬂ"]ﬁ?
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B, mmol-L™'; Cy,. Cap 43l & NH,-N J N /i J5 (¥R B, mmol-L™'; F b ikdi s # %, 26.8
mA-h-mmol™'; VRV AWM EA AR, L; ¢ M AE, h,

1l 6(a) AT LAFE tH, Bl 25 A0 3 B A 3 K, Rl Ak SO 180 min J LA L VR AR R 1 NO; -
N 2B 1 34 S PSR HG I D R 34, R 45 2R 55 M DG SR A T 45 R — 2PN, 5 LG 1 oy il
2274, 2376, 24.62. 29.45F1 21.42 mA. 4 HL iR BE7E 100~220 mA I, NO, -N [ fie & 2 B
97.20% 34 & 99.62%, iKF| 5 M AEE ; MARZLHE KA oR BE , A %0 TR B2 B AIR 1Y R Bsf - NO, -
N e 28 B R 0 35 B h 86.55% . X & PR Jhy 76— Y 1B P, 84 K FiL 978 3R 8 G AP ri A4 £ s 1o v
ML F 5 R R, M T IR 7 HR R &, HA 2 BUAR 2F T NO,-N I Ji 5 1 24 R 8 B 48 1
BF, AT RE 2 H A K BT SRR R, S O AR R SRR R T A R T A e X R T —
FEEAR)ZE, BRE T NO, -N 78 = 4 v 6 1 38 J5 R B A E AT, 5 30 NO, -N I 5 28 25 B R AR,
K 6(b). & 6(c) Bon, BEE SR AN, 5415050 1 NOy -N [ e & A4 i R I [ AR )5 T
NH,"-N % 55 26 A2 SR AE — 28 HL U 3 B30 16 P O fb 28 28 Ak, T4 Rt 5 % %1 35 180 mA BF, NH,'-
N 5 44 R R BR 2 &8 40.79% 3 2 PR R > R 0 5 B ARCAIRT s EAA 3R Y F e B R A
%, NO,-N % 1k NH,-N #FFE L% , NH,-N Az it 85 S KM e 3, F A Ak s g P 19
7 FEL 3 RN 55 L AR G I, BLRME R H S mE S, o N—H MG, A NH,-N BTk
FEHEINEY 5 21 NH,-N 23 5 NO, -N. NO, -N 7Ehi T H M s g0 b, Sead k|l ss 7 NOy -N 9
W, A SR LR B R NOy =N BRGSUR A AR R R 2 o PRI AR F 59 1 o e 1 v U R B Oy
220 mA.

100 60 40 ¢
—— 100 mA ~ ~ -~ }28 A
= g0l -+ 140mA O 50 2 — 180 mA
= +é§8m£ o o 30 [——220mA
—.— m |
£ el —e 260 mA % Y £ —-260mA
i ig 30 g 207
ﬁ’; i I Ze 100 mA I
I E(20 1 140 mA =10}
Zz 20} Z - 180 mA z
. 510} 220 mA L
% Z. ——260 mA Z 0
0 SR 0 — —
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180
5 f] /min [ f] /min [t f] /min
(a) NO;-NZ:Ex ik (b) NO;-NAE £k (c) NH,-NA:= il £
6 FB758E X SAC-Pd/Cu@NBC T 7 3 4 #9211
Fig. 6 Effect of current density on SAC-Pd/Cu@NBC reduction efficiency
2.6 REEHNZFE T
I E A VY R AL B H A B ik i NO, - = some-L" .
g —1 5 _ 5 ° mg- L~
N B B REAS PR, 8 AS TRl 90 4 NO, -N it vk 2 37 4 100mg-L"

¢ 125mg-L"!

I NO, -N K PR AR A5 R AU G — G N 3 72

M2k (WE 7). P 7R BAA LR A IR S

NO, -N ¥ FEF [ In(C,/C) 5 32 i Bt i) ¢ 552 B 2 =

IR TER R . HE 2T, 945 NO,-N 1t

JF BN 50, 75, 100 Al 125 mg L7, X

O 14 7 8l 12 H B (k) 439010 0.0158 L 0.0165, oA
0.018 3 f110.014 3 min", k% ETF)E TR, 100 0 30 60 9 120 150 180

N i 8] /mi
mg-L ' NO, -N T ) NO, -N JZ i s Rl , 3% e

SO B AN, BT NO, N B7 —RRNHDFUE

Fig. 7 First-order reaction kinetic fitting curve
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ik R, SAC-PA/Cu@NBC By i fif =2 WTERNREEUEER—BRRNHNFESH
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Electrocatalytic efficient reduction of nitrate in water by single-atom
palladium-copper modified bamboo biochar
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Yufeng?
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Abstract Nitrate removal from groundwater is a difficult problem, palladium-copper single-atom catalysts
supported on nitrogen-doped bamboo biochar (SAC-Pd/Cu@NBC) were prepared through the nitrogen doping-
calcination reduction method. Taking SAC-Pd/Cu@NBC as a three-dimensional particle electrode, the effects of
initial nitrate concentration, particle electrode dose and current intensity on the performance and mechanism of
electrocatalytic efficient reduction of nitrate nitrogen by SAC-Pd/Cu@NBC were investigated. The results
showed that SAC-Pd/Cu@NBC significantly enhanced the removal rate of nitrate after 90 min electrocatalytic
reaction, which was 2.52 times and 17.16 times higher than that of nano-palladium-copper modified bamboo
biochar and two-dimensional electrocatalytic reduction system, respectively. At particle electrode dose of
0.100 g, initial nitrate concentration of 100 mg-L™', current intensity of 220 mA and reaction time of 180 min,
the removal rate of nitrate nitrogen by SAC-Pd/Cu@NBC could reach about 99.62%, and the mass catalytic
activity was 0.689 4 mg-(g-min)”'. After three cycles of the particle electrode, the removal rate of nitrate
nitrogen was still 89.72%. HAADF-STEM and other characterization results showed the single-atom Pd and Cu
were successfully loaded on the surface of biochar, and the mechanism of highly efficient reduction of nitrate
was dominated by the synergistic catalytic effect of single-atom Pd and Cu sites. Therefore, these results
suggested that the Pd/Cu single-atom catalytics had a good prospect in the electrocatalytic reduction of nitrate.
Keywords bamboo ' biochar; single-atom palladium-copper; three-dimensional particle electrode;
electrocatalytic reduction; nitrate
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