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Tandem Catalysis of CuNi Bimetallic MOFs Boosting Nitrate
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Abstract: Electrocatalytic nitrate reduction reaction (NO;RR), as a green technology for producing ammonia and
purifying wastewater, faces challenges in terms of nitrite intermediate accumulation and competitive hydrogen
evolution reactions. Tandem catalytic strategy (NO3—NO,—NHj3) is expected to significantly improve the rate and
selectivity of ammonia production. Therefore, designing and constructing dual active sites with different catalytic
properties contributes to improving reaction activity. Herein, a CuNi bimetallic metal organic framework (MOF)
tandem catalytic system using well-defined MOFs as templates was constructed through simple hydrothermal
synthesis. The research results indicated that Cu active sites could efficiently catalyze the reduction of NOj to NO3,
while Ni sites exhibited excellent active hydrogen species H supply capacity and NO, conversion efficiency, forming

an efficient tandem catalytic mechanism with Cu sites, and achieving a Faraday efficiency of up to 90.1% for ammonia
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synthesis and an ammonia yield of 28.8 mg-h'-mg.,, . In addition, the bimetallic MOFs catalyst showed excellent

cycling stability without any degradation in ammonia synthesis after multiple cycling tests. This work provides new

insights for the design and optimization of high-performance tandem catalysts.

Key words: ammonia production; nitrate reduction reaction; bimetallic; metal organic framework; tandem catalysis
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BDP). 1Z# kA R E 0 4 -k e 55 e A7 4 A ST
Tr ke B G SRR AR, HAEBME 2 I X OH Rk
L RUF i Rae PO B, R T Cu B4
X MOFs #4 KO TS0 A4 25 7 Je A fiE AL
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i) SEM H
Fig. 1 SEM images of the prepared catalysts
(a) Ni-BDP; (b) CuNi-BDP; (c¢) Cu,Ni-BDP
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Fig. 2 (a) TEM image and (b) elemental mappings of CuNi-BDP
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Fig. 3 XRD patterns of the prepared catalysts
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Fig. 4 XPS spectra of the prepared catalysts
(a, b) Total surveys of (a) Ni-BDP and (b) CuNi-BDP; (c, d) High resolution XPS spectra of (c) Ni2p and (d) Cu2p for Ni-BDP and CuNi-BDP
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X T R R AT A T AP s 8 ]
PRI PR RED 227, 1 4(d)y CuNi-BDP 154> #¢
Cu2p i &, 347 T 933.6 eV (Cu®*2ps2)1953.0 eV
(Cu*2p1p), W Cu TLEAT+2 35, MR EAE
A7 T 944.3 F1 963.6 VI, 6 ST ) vy Bl & 4%
B R S (ICP-MS) 45 L i3t — 2P K B, CuNi-BDP
H Ni/Cu Ji ¥ Lt A 8.56.

Kl 5 AT A % MOFs {46771 fr 8 B 28 46 21 4
(FT-IR) 1% . N H i L tH, Ni-BDP 5 CuNi-BDP
HA AR ZL AN AE T i, £E 650~900 em ' 5 ]
P IR T R T AR C-H AT AM S iR 30,
TMI7E 1400~1600 cm " §t [ P HH B0 6 1B A e ) ) X1 -5
C=N fll C=C fMH4iiEs). Stk H,BDP i FT-IR
S PR B, MOFs w1 AH R (1 35 3% 5 16 7 7% 2
1386 cm ™!, FHIM AT N JH T O 54 8 5% 5 )
Bifz . LA b gh FAESE M)A B T MOFs, H Cu 24
RO F AR
22 BUAFEMRESHR

HEALFI AL % NOsRR WA E bR = s 1k
AW H B AE Y SERR, B Y6 R LSV A AN [
MOFs 1] NO3i& JgiEtE. MR T I NOsJ5,
Ni-BDP ] LSV HiZJLT-HRIn NO;#HhZk E 4,
Ui B Ni-BDP Xf NOsHI AL TG H: 55 (K] S1(a)). B
EHR AL 77 M3, CuNi-BDP [0 )37 H i
TEEE G, TE NOsHMRR I A3 1) i 2% P I B
TAE NOHIZ H M, £WH Cu B35 1E2H

| Ni-BDP

Transmittance / (a.u.)

CuNi-BDP

1600 1400 1200 1000 800 600 400
Wavenumber / cm™

K5 A RRAEALTIET FT-IR St ik
Fig. 5 FT-IR spectra of the prepared catalysts
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X NO3 & F I AAE TS B M2 R, CuNi-
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(1) NOIE JR AL i M . ST, 24 Cu B st — 42
ik, 53 Cu,Ni-BDP LI % i 5 E 4k o A7 MK
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25 SRR NOSIIVE AR . X FEIHK T
Cu JC M 5711 NOs W i g 77 S Fe s FE S 7e 1) d hE
W2k, R T S TR R seE, it
T T NOs [ NOY LA I B3l ) 41 72
TR M ARG R PR R RN S
R, TEANFE AL T AT T 1E A AR, 45 R
K S1(b). F S2(b) M S3(b)FTas. BUIE HEA ARt J
P = 2 mL, RAEEEY A5 £ 2 =4 NH;
HAT BT, KN IR A vl 2k LI S4. SR
F Watt-Chrisp ¥4 §l =4 NO#E 4T & = /0 A, % B
PRI IR FE b v b 26 L] S50 A 6(b)AS[A] MOFs i
AEFUTE A N LA T 19 NH; 7= 2 B 0] LU H, Ni-BDP
R AEBGER M A R, X5H LSV kg R —
;, T Ni JEPEAL AT NOSE T HIELAE JIAS AL,
MR 7 & A % . 4T CuNi-BDP ik, /b
H Cu BARKNIFERT T NHy 72, B K&
LA AN 38 5, 76-0.7 V (vs. RHE)IA B & KA
28.8 mg-h ' -mge, ', M —4%J® Ni-BDP LTt
T 3 4% 3R S2 X b T AN AW 4 JE A 4 R ¥ NOsRR
PERE, HF CuNi-BDP AL 1A R % B A B
B . M CuBlEH— BN, CuNi-BDP 7E
—0.7 VikF % K7 % 17.6 mg'h ' 'mgey o EAFFVE
fl)/&, £-0.6 V (vs. RHE)HLAZ T, Ni-BDP L7
A FE k3 74.1%(K 6(c)), iX—45 R Ni 7%
VR S RE NS A BOR ML BRI EEAMFCH), AT
2242 FF NOsRR 3L #% . CuNi-BDP #4657 &
L R S a2 s m ) FE, 7E-0.5 'V (vs.
RHE) A7 FE i53] 90.1%. X FE W] Cu B4 AN
IO TR N T, RHE T NOSIIR B RIS AL,
[ Ni A7 R A i H AR EE T ]2 NOL i
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FNI FEPEAL AR S T AR AL BIE ], NOsTH 2B 1E
Cu 75 WM. 354k, AR A iANO,, S
NO, ;B E| Ni fir iR — SR T, FmRR%
FEY) NHye SRT, 4 Cu B8 R4S, CuoNi-
BDP & =% A1 FE B N, XA gl ®&m
Cu {7 5 FE NO;HIHREE 1L 5 P a K "NO, (it ik
FLE, T NI AL 7 AR 35 P H R FE i JE, Toi%
5 NO;EHE R A MICH, He&is RaE E ok &
BEAG

FEL A A ARk 1) B 1 i A2 LR T SR K 52
BRKH SEM RAEFEFAL, 750 B fi A6 2 IR
B i M 1k 700 19 F Ak 2% 95 1 LG SR T R (BCSA) -
Kl S6(a~c) 7l JE 7~ T Ni-BDP. CuNi-BDP J Cu,Ni-
BDP 7EAR[FIFER T CV k. BHH#EE
(4 i, AR T IR S Sl Jg 2 bk, BT R[] Y
ZH5iSEROYR RN 2, RATEBREE
Tt AWEIF AT R W2 2], CuNi-BDP 7E 84N 14
HREE N R R SRR EE . B 6(d) il
i v &I AR BN Ca, HR/NW] B4 SR K
(1] ECSA. CqiliK, UM ENREEIIA RS PR 5
B, WA R Tk A e SR . R
45 B R, CuNi-BDP fJ Cg 4 7.15 mF-cm 2, &5
T Ni-BDP (5.17 mF-em?) #  Cu,Ni-BDP
(5.91 mF-cm %), ] CuNi-BDP #ll4 5 K] ECSA.
TX AR P A L e i R (I B T TS A A, A RO
RSN 5 A7) ) o TR, AR TR P e
R, T E SR LA RE . B 6(e) BN T
7E 1 mol/L KOH+0.1 mol/L KNO; F fifE ik il 1511
EIS. 7E#AIf Nyquist B A, o X ek i) B A2 06 B
T R/ R THD ) H AR A LB (Ry), ELARERK,
0 LG B R FE R (G BE 0 5R . CuNi-BDP £ B
HE/N X BAE, IEH BRI Ry Al
PRI H AT IE AL R . X — R PR A LA fA S I N B
1% L AR, RS i S e SRR .

AR T RS M A L S B B FH 8 77 A% O VAR
febr. 3T RIS R, CuNi-BDP 4L 57 8
AL NOsRR TERE. AP H K iz 178
I R RS AN [A] UL RE T, XA EAT T Fa
SEMENHR . B 6(D s T EfE E HA7-0.5 V (vs. RHE)
~, CuNi-BDP £ Jjj 10 {IES G MK S xR
=5 BT as o 10 YRAE R I & A s R Al
FE W 3h# /), 18] CuNi-BDP 7E AL & pl i 2
T B & RGP IR PR e v, T R Se bR N R R
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IR . SR, Ml F A IERS T, NOL =% 1
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% S1  CuNi-BDP # Cu,Ni-BDP & ICP-MS #1E
Table S1 ICP-MS data of CuNi-BDP and Cu,Ni-BDP

Catalyst Element Metal content/% (in mass) Ni/Cu atomic ratio
CuNi-BDP Ni 15.66
8.56
Cu 1.98
Cu,Ni-BDP Ni 13.45
3.99
Cu 3.65

& S2 ARMEEEMTIE NORR HHRERTEE
Table S2 Comparison of NO;RR performance for different bimetallic catalysts

Catalyst NO3 concentration NH; FE NH; yield rate Ref.
CuNi-BDP 0.1 mol/L 90.1% (0.5 V) 28.8 mg-h™ mge, ! (<0.7 V) This work
Fe/Cu-HNG 0.1 mol/L 92.5% (=0.3 V) 18.4 mg-h™ mg., ' (-0.5 V) [S1]
Cu,Niy/OMC 500 mg/L 78.9% (—0.4 V) 0.237 mg-h ' 'mge, ! (-0.8 V) [S2]
Co3_,Ni,O4 0.1 mol/L 94.9% (~1.0 V) 20 mg-h ' -em™ (1.0 V) [S3]
Fe-V,05 0.1 mol/L 97.1% (0.7 V) 12.5 mg-h™'-cm™(=0.7 V) [S4]
Fe;0,@TiO,/TP 0.1 mol/L. 88.4% (—0.7 V) 12.4mg-h-em?(-1.1V) [S5]
Ru,Cu,o/rGO 100 mg/L 98% (—0.05 V) 6.46 mg-h'-cm™? (—0.6 V) [S6]
CugoFe; 200 mg/L 94.5% (—0.74 V) 3.91 mg-h™"-em™?(-0.74 V) [S7]
Au/Cu SAAs 100 mg/L 98.3% (~0.8 V) 328 mg-h-em?(-0.8 V) [S8]
Ru/WO;_, 0.1 mol/L 95.1% (0 V) 12.38 mg-h '-em ™ (~0.6 V) [S9]
Ni;CoSs 50 mg/L 85.3% (~0.4 V) 2338 mg-h-em? (~0.4 V) [S10]
Pt-Fe;0, 0.1 mol/L 80.7% (—0.8 V) 5.42 mg-h'mg™! (-0.8 V) [S11]
Cu;P-Ni,P/CP 200 mg/L 95.25% (-0.6 V) 3.21 mg-h™-em™ (0.6 V) [S12]
Cu-Co;0, 5 mmol/L 93.77% (~1.0 V) 323 mg-h ™ em?(-1.0 V) [S13]
Cu,Co,0-NC 0.1 mol/L 97.9% (~0.79 V) 7.65 mg-h-em 2 (-0.79 V) [S14]
Pd-CoO, 0.1 mol/L 98.7% (~0.4 V) 30.3 mg-h'-em™ (0.4 V) [S15]
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