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Synergistically enhancing nitrate reduction 
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Abstract 

Noble metal materials have been identified as high efficiency catalysts for electrocatalytic reduction of nitrate,  and 
the synthesis and manufacture of high catalytic activity and environmentally friendly catalysts of activating hydrogen 
for water purification applications is extremely attractive. In this work, the Pd–Cu single-atom catalysts (Pd–Cu-N-
BC) were first prepared by direct growth of Pd–Cu single-atom on bamboo biochar by regulating the concentration 
of precursors and doping method, and then enhanced electrocatalytic reduction nitrate performance and N2 gen-
eration. The results showed that Pd–Cu-N-BC displayed excellent catalytic activity and reusability in electrocatalytic 
reduction nitrate with a low potential of 0.47 V vs. RHE (@10 mA cm−2). The maximum nitrate removal efficiency 
and N2 generation could reach about 100% and 72.32% within 180 min, respectively. The density functional theory 
(DFT) calculations confirmed that Cu atoms could catalyze the electrochemical reduction of nitrate to nitrite, and Pd 
atoms anchored in the nitrogen-doped biochar (N-BC) lattice could catalyze electrochemical reduction of nitrite 
to N2 involving the formation of hydrogen radical (H*). The characterization results of XANES showed that electronic 
synergistic effect between Pd and Cu single atoms significantly promotes the N2 production through hydrogenation 
while inhibiting the generation of byproducts, leading to significantly enhanced electrocatalytic reduction of nitrate 
to N2. Finally, Pd–Cu-N-BC was designed as a 3D particle electrode for enhanced electrocatalytic reduction of nitrate, 
exhibiting excellent stability and reusability, which could be considered as a suitable candidate for applications 
in the remediation of nitrate contamination.

Highlights 

1.	 Excellent-active and N2 selective Pd–Cu-BC SACs were prepared through bamboo biochar;
2.	 A typical three-dimensional electrocatalytic NO3-Nreduction system was proposed;
3.	 N doping could reasonably modulate the electronic structure of Pd and Cu sites;
4.	 Free radical (H*) played an important role in the nitrate electro-chemical reduction;
5.	 Synergy between Pd and Cu in SACs could enhance NO3-N removal and N2 generation.
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1  Introduction
Nitrate pollution, resulting in an increasing trend in 
nitrate  concentrations in the groundwater and surface 
water, has become a more and more noticeable issue 
around the world in recent decades (Zhang et  al. 2018; 
Holmes et  al. 2019; Fadhullah et  al. 2020; Zhang et  al. 
2021). The increase of  nitrate concentration will have 
a serious effect on the natural ecosystems, leading to 
eutrophication and hypoxia, etc. (Carey et  al. 2011; 
Hwang et  al. 2011; Su et  al. 2017; Hoagland et  al. 2019; 
Khan et  al. 2023). The accumulation and increase of 
nitrate in drinking water is also harmful to the health of 
humans and animals, such as methemoglobinemia, spon-
taneous abortion and gastric cancer (Knobeloch et  al. 
2000; Ward et al. 2005; Zhai et al. 2017). For the sake of 
people’s health, an upper content of NO3-N in drinking 
water, stipulated by the World Health Organization, can-
not exceed 10  mg  L−1. Thereby, identifying the sources 
and transformation of nitrate is crucial for avoiding pol-
lution and controlling water quality effectively. For a long 
time, the development of efficient NO3–N removal tech-
nologies has attracted widespread attention in order to 
prevent and remediate nitrate pollution.

Up to now, various treatment methods have been 
explored for nitrate removal including physical, biologi-
cal, and chemical reduction methods, and so on (Koparal 

et  al. 2002; Cheng et  al. 2005; Wang et  al. 2016). Physi-
cal methods are mainly membrane-based separation 
techniques, including ion exchange, reverse osmosis, and 
electrodialysis, which have the advantages of the auto-
mation and the high removal efficiency. However, high 
operating cost and limited membrane life preclude their 
wide application (Koparal et al. 2002; Ozturk et al. 2004; 
Ruangchainikom et  al. 2006; Wang 2006; Koter et  al. 
2015; Wang et al. 2016; Chen et al. 2023). The biological 
method is the most economical and effective approach 
for nitrate removal, mainly through denitrification, i.e., 
using specific enzymes in the microorganism to reduce 
nitrate. However, the composition of sewage wastewa-
ter varies significantly, which makes it challenging to 
find the appropriate strains and greatly affects the treat-
ment results. Moreover, the biological method is a time-
consuming process, which is often accompanied by the 
generation of secondary pollutants that are costly to treat 
(Ines et  al. 1998; Ovez et  al. 2006; Ghafari et  al. 2008; 
Liang et al. 2021a, b).

Chemical reduction is a new class of NO3
− treatment 

technology developed in recent years, which reduces 
nitrate in water to non-toxic nitrogen (N2) or ammonia 
(NH3) of high economic value. Owing to the advantages 
of simple operation, high efficiency, and stability, electro-
catalytic nitrate reduction has been extensively studied in 
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the water treatment field (Katsounaros et  al. 2008). The 
development of high-performance cathode is the key to 
electrocatalytic nitrate reduction technology. The desira-
ble cathode should have good stability, high conductivity 
and selectivity. To achieve desired activity and selectivity, 
common strategies including tuning the crystal struc-
ture, particle size, and geometry of the catalyst have been 
explored. The supporting materials also significantly 
affect the performance of the catalysts (Chen et al. 2021a, 
2022a, b; Jin et  al. 2022a). Previous researches have 
demonstrated the importance of suitable carriers in the 
preparation of high-efficiency catalyst, and biochar, metal 
oxide or metal hydroxide are considered as effective cata-
lyst carriers for chemical reduction of nitrate (Qiu et al. 
2015, 2021, 2022; Vilé et al. 2015; Yang et al. 2015; Chen 
et  al. 2022a, b). Uniformly dispersed Pd–Cu bimetal 
catalysts were prepared through using TiO2 nanofiber 
(Pd–Cu/TiO2) as a carrier, and the Pd–Cu/TiO2 catalyst 
showed higher nitrate removal efficiency, N2 selectivity, 
and faster removal kinetics, achieving nearly 100% con-
version of NO3

− to harmless gas (Wang et al. 2017).
In recent years, due to its higher surface area and pore 

structure, as well as renewable characteristics, biochar 
has a wide range of applications in the fields of envi-
ronmental protection, medicine, and food (Panee et  al. 
2015; Nirmala et al. 2018; Kumar et al. 2019; Liang et al. 
2021a, b; Silva et al. 2021; Thotagamuge et al. 2021; Wei 
et  al. 2022). Biochar presented the significant applica-
tion potential in synthesis of BC and BC-based materials. 
At present, there are few studies on moso bamboo bio-
char as a metal catalyst carrier. Ho et al. (2019) prepared 
a high-performance carbon-catalyst for peroxydisul-
fate (PDS) activation based on C-phycocyanin extracted 
(C-CP) Spirulina, which showed good oxidation degrada-
tion efficiency for various water micropollutants. Previ-
ous study has shown that bamboo sawdust could be used 
to prepare Fe–N biochar catalyst, which could effectively 
activate persulfate with good stability and high selectiv-
ity (Xu et al. 2020a, b). Liu et al. (2022) prepared an elec-
trocatalyst by anchoring single atom Ru on Cu nanowires 
grown on three-dimensional Cu foam (Ru-Cu NW/
CF) to remove NO3

− and the removal rate could reach 
about 94.1%. Jin et al. (2022c) constructed functionalized 
porous nanoscale Fe3O4 particles supported biochar from 
peanut shell to remove Pb(II) ions from aqueous solu-
tion, showing that the maximum adsorption amount of 
Pb(II) could reach up to 188.68 mg g−1. A coconut shell 
biochar was applied as a support to construct a biochar-
based composite (Ti3C2Tx@biochar-PDA/PEI) for  the 
removal of U(VI) and Cs(I),  and the results showed that 
the maximum adsorption capacity of U(VI) and Cs(I) 
were 239.7 and 40.3 mg g−1, respectively (Liu et al. 2023). 
Qiao et  al. (2011) proposed the concept of single-atom 

catalysts (SACs) to improve the efficiency of atom utili-
zation and enhance the performance of the catalyst to a 
greater extent. For SACs, the active metals are supported 
on the carrier surface as single atoms and dispersed uni-
formly. They have great potential in bridging the gap 
between heterogeneous and homogeneous catalysts 
(Chen et al. a, 2018b; Qiao et al. 2011; Lang et al. 2016; 
Sun et al. 2022; Jin et al. 2022b). The effective steric isola-
tion of metal active sites can suppress the side reactions 
that occur on aggregated metal active sites, thus improv-
ing catalytic selectivity (Li et al. 2020). The development 
and design of SACs can rationalize the use of metals and 
boost atomic economy by promoting atomic utilization 
efficiency. It has been proved that various catalytic reac-
tions could be enhanced by the unique electronic struc-
ture and unsaturated coordination in SACs (Weon et al. 
2020; Liu et  al. 2016; Guo et  al. 2014). SACs have great 
potential for improved selectivity due to their unique 
geometric structure of active sites, spatial and electronic 
interactions compared with homogeneous catalyst ana-
logs (Liu et  al. 2017; Choi et  al. 2016; Yang et  al. 2016; 
Chen et al. 2021b).

In this work, Pd–Cu biochar-based single-atoms cata-
lysts (Pd–Cu-N-BC SACs) were synthesized by introduc-
ing Pd and Cu onto the nitrogen-doped bamboo biochar 
by an impregnation-calcination-reduction method. The 
electrocatalytic removal of nitrate by Pd–Cu-N-BC was 
evaluated in a 3D electrocatalytic reduction system. The 
catalytic activity, selectivity and reusability of the catalyst 
as well as the mechanism of the collaborative catalytic 
reduction of NO3

− by Pd–Cu-N-BC were systemati-
cally studied. Overall, this research highlights the great 
potential of Pd–Cu-N-BC SACs supported on N-BC and 
provides valuable insights for designing the highly effi-
cient biochar-based electrocatalysts for environmental 
applications.

2 � Experimental section
2.1 � Synthesis and characterizations of Pd–Cu‑N‑BC SACs
The bamboo blocks (10 × 10 × 3 mm3) were activated with 
2% NaOH solution at 80  °C for 3.5  h, and then washed 
and dried at 60 °C for 6 h. The dried bamboo block and 
nitrogen source precursor (dicyandiamide, dicy) were 
placed in 60 mL of deionized water at a mass ratio of 1:4, 
and stirred at 80 °C until dry. Then, the mixture was cal-
cined in a tubular furnace at 800℃ for 1 h in a N2 atmos-
phere. After cooling down to room temperature, the 
product was grinded to yield N-BC powder.

PdCl2 and CuCl2 were used as precursors of Pd and 
Cu, and the PdCl2 and CuCl2 were completely dissolved 
in 50 mL of 3% PEG solution to obtain a homogeneous 
mixed solution. Then, 0.5 g N-doped biochar was added 
to the mixed solution and subjected to ultrasonication 
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for 30 min. Afterwards, 0.01 M NaBH4 was added under 
stirring at 130 rpm for reduction of Pd and Cu. After fil-
trating, washing, and freeze-drying, the biochar-based 
Pd–Cu single-atom catalyst with N doping was obtained, 
which was denoted as Pd–Cu-N-BC.

Field emission scanning electron microscope (FESEM, 
JSM-7900F, Japan), transmission electron microscope 
(TEM, JEM-2010HR, Japan), and high angle annular 
dark field scanning transmission electron microscope 
(HAADF-STEM, FEI Themis, USA) were employed to 
characterize the morphology of the Pd–Cu supported 
catalysts. Powder X-ray diffraction pattern (XRD) and 
X-ray photoelectron spectrum (XPS) of the catalyst 
were collected on an X-ray diffractometer (X’Pert3 Pow-
der, Netherlands) and a Kratos Axis Supra system (XPS, 
Thermo Fisher, USA), respectively. The electrochemical 
detection was carried out with an electrochemical work-
station (Gamry, Interface1010E, USA).

2.2 � Catalytic experiment
The electrocatalytic reduction of NO3–N was car-
ried out in a plexiglass tank (10 × 5 × 6 cm3) as shown 
in Fig.  1. A homogeneous cation exchange membrane 
separated the reactor into cathode and anode chamber, 
and Pd–Cu-N-BC particles acted as three-dimensional 
particle electrodes in the cathode chamber to enhance 
the catalytic reduction reaction. Titanium ruthenium 

plates with an area of 4.5 × 3.5 cm2 were used as anode 
and current collector of the cathode, respectively. A 
pre-set concentration of NO3–N solution was added 
to the cathode chamber with sodium sulfate as sup-
porting electrolyte, and same concentration of sodium 
sulfate solution as the cathode chamber was added to 
the anode chamber. The cathode chamber was continu-
ously stirred during the reaction. Solution was sampled 
at pre-determined intervals and filtered to analyze the 
removal rate of NO3–N and the production of NO2

−, 
NH4

+, and N2. All experiments were performed in 
triplicate.

2.3 � Analysis methods
The detection and quantification of nitrate and its 
products were performed using an ultraviolet and vis-
ible spectrophotometer according to national stand-
ards (HJ T 346-2007, GB7493-1987 and HJ 535-2009). 
In this work, the other intermediates (N2O, NO, etc.) 
were extremely unstable in the electrolytic reduction 
process, and were easily degraded into NO2

− and N2 in 
the system. The dissolution amount in aqueous solution 
was very low, so the production amount of these types 
of intermediates could be ignored.

The removal rate (η) of NO3
− could be calculated by 

the Eq. 1:

Fig. 1  Schematic diagram of the electrocatalytic reduction reactor
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where 
[

NO−

3 −N
]

0
 represents the initial concentration of 

NO3–N and [NO−

3 −N]t is the concentration of NO3–N at 
time t (mg L−1). The generation ratio of various products 
can be calculated according to the following Eqs. 2, 3, 4 
(Gao et al. 2019).

where S represents the ratio of products, and [NO−

2 −N]
t
 

and [NH+

4 −N]
t
 are the concentrations of NO2–N and 

NH4–N at time t. The catalytic activity of catalyst was 
calculated via the Eq. 5 (Zhang et al. 2016):

where Amass denotes the amount of catalytic reduction 
of substrate per unit mass catalyst in one minute (mg 
(gcat min)−1), wcat is the dose of catalyst (g  L−1), and Ct1 
and Ct2 are the concentration of substrates at time t1 and 
t2 (mg L−1), respectively.

3 � Results and discussion
3.1 � Catalyst characterization
The SEM images of pristine biochar (BC) and N-BC 
prepared at 800  °C   are showed in Fig.  2a, b. It can be 
seen that BC exhibited a honeycomb-like porous struc-
ture, which is beneficial for mass transfer and  provided 
abundant loading space for Cu and Pd metals. In con-
trast, N-BC prepared at 800  °C presented a very dis-
tinct morphology of stacked layers and wrinkled sheets, 
which may be resulted from the incorporation of nitro-
gen atoms into the graphitic carbon lattice to form a 
large number of defects (Xu et  al. 2020b). The TEM 
and EDX images (Fig. 2c, d) show that Pd and Cu metal 
atoms were uniformly dispersed on the N-BC support. 
The average size of the Pd or Cu nanoparticles was about 
5.84 nm by HRTEM images, which also displayed the lat-
tice fringes of the Pd and Cu particles. The d-spacings of 
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Pd and Cu nanoparticles on N-BC were about 0.226 nm 
and 0.210 nm corresponding to the (111) facet of Pd and 
Cu (Fig. 2e), respectively. In the HAADF image (Fig. 2f ), 
many bright dots with atomic size and a few clusters were 
observed, indicating that Pd and Cu mainly existed in the 
form of individual atoms, which were stabilized by car-
bon or nitrogen.

The normalized XANES spectra at Cu and Pd K-edge 
of Pd–Cu-N-BC are showed in Fig.  2g, h. The results 
represented the absorption edge of the XANES spec-
trum of the Pd–Cu-N-BC shifted toward higher ener-
gies and nearly coincided with the spectra of the metal 
oxide specimens (CuO and PdO) compared with those of 
the standard samples of Pd foil, Cu foil, PdO, and CuO. 
This phenomenon revealed that Pd and Cu species in 
the catalyst existed as single atoms, and were gradually 

oxidized to form their metal oxides after being stored 
in the atmosphere at room temperature for some time. 
Comparing the R-space EXAFS of a series of Cu sam-
ples (Fig. 2i, j), it was found that Cu foil showed a clear 
characteristic peak belonging to the EXAFS of the Cu-Cu 
bond at about 2.5  Å. And Pd foil also displayed a clear 
characteristic peak belonging to the EXAFS of Pd–Pd 
bond at about 2.5 Å. However, for the Pd–Cu-N-BC cata-
lyst, the characteristic EXAFS peaks attributed to Cu-N 
and Pd-N appeared only at 1.5 Å without any contribu-
tion from the Cu–Cu and Pd–Pd bonds. In the previ-
ous HAADF-STEM characterization results, it has been 
proved the existence of scattered single distributed metal 
atoms of Pd and Cu in Pd–Cu-N-BC SACs. Herein, the 
EXAFS results demonstrated that the Pd and Cu metal 
atoms were anchored in the biochar lattice successfully, 
which was consistent with previous studies. The wavelet 
transform contours of Pd–Cu-N-BC, the standard sam-
ples of Cu and Pd foils, CuO and PdO are presented in 
Fig.  2k–o. It can be seen from the figure that homoge-
neously dispersed metal atoms existed in the structure 
of the Pd–Cu-N-BC catalyst. Moreover, only Pd-N and 
Cu-N bonds existed, while no chemical bonds related to 
Pd/Cu nanoparticles or Pd/Cu metal clusters emerged.

To further verify the atomic structures of Pd and Cu 
active sites in the Pd–Cu-N-BC, X-ray photoelectron 
spectroscopy (XPS) was applied to characterize the elec-
tronic structure of catalyst (Fig. 3a–d). According to the 
XPS result, the binding energy of Cu 2p 932.59 eV, which 
was 0.19 eV higher than that of Cu0 foil (932.4 eV), but 
1.01 eV lower than that of CuO (933.6 eV). It revealed that 
the valence of Cu in Pd–Cu-N-BC catalyst was between 0 
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Fig. 2  Morphological characterization of catalysts. a, b SEM of pristine BC and N-BC at 800 °C; c–e TEM, TEM–EDX and lattice spacing of Pd–
Cu-N-BC; f HAADF-STEM of Pd–Cu-N-BC (SACs: yellow cirles); g, h Normalized XANES spectra at Cu and Pd K-edge of Pd–Cu-N-BC; i, j Fourier 
transformed magnitudes of the experimental Pd or Cu K-edge for Pd foil, PdO, Cu foil and CuO; k–o EXAFS wavelet transform contour for the k3χ(K) 
function of CuO, Pd foil,Cu foil, and Pd–Cu-N-BC
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and +2 (Zhao et al. 2022). The XPS results demonstrated 
that N atoms had been successfully doped into the bio-
char lattice. The high-resolution N 1 s XPS spectrum of 
the catalyst showed three peaks with binding energies at 
398.08, 399.07, and 400.2 eV, which are assigned to pyri-
dinic N, pyrrolic N, and graphitic N, respectively (Duan 
et al. 2015; Guo et al. 2018; Xu et al. 2020b), and the per-
centages were 36.25%, 24.40% and 39.35% respectively in 
this study. Both graphitic and pyridinic N have remark-
able redox reaction potential, which favors the generation 
of hydrogen radicals. The high-resolution XPS spectra 
of Pd 3d and Cu 2p revealed the presence of Pd and Cu 
atoms or clusters, which confirmed that metal atoms 
were loaded and anchored by a nitrogen atom in the bio-
char lattice.

XRD patterns of Pd–Cu-N-BC, N-BC, and BC are 
shown in Fig. 3e. Two diffraction peaks at 23° and 43.5° 
were presented in the XRD pattern of BC, correspond-
ing to the (002) and (100) planes of amorphous and 

crystalline carbon, respectively (Li et  al. 2019; Xu et  al. 
2020b). It is obvious that nitrogen doping makes the peak 
at 23° stronger  due to the introduction of nitrogen into 
the lattice of biochar (Chen et al. a, 2018b). For the Pd–
Cu-N-BC, the characteristic diffraction peaks at 40°, 47°, 
70.3°, and 85.5° match well with (111), (200), (220), and 
(311) crystal facets of Pd (PDF#46-1043, PDF#48-1551). 
However, no appreciable diffraction peaks related to Cu 
can be distinguished, which may be attributed to the well 
dispersion of Cu single atoms in the catalyst. The results 
also proved that Pd and Cu atoms had been successfully 
supported in the lattice of the prepared catalyst. The 
Raman spectra of BC, N-BC, and Pd–Cu-N-BC are given 
in Fig. 3f. Generally, the Raman spectra have two charac-
teristic peaks around 1344 cm-1 and 1579  cm−1 belong-
ing to disordered carbon (D band) and graphitic carbon 
(G band), respectively. It is evident that the intensity ratio 
of the D band to G band (ID/IG = 1.02) of Pd–Cu-N-BC 
catalyst is higher than that of BC and N-BC, suggesting a 

1200 1000 800 600 400 200 0
Binding energy (eV)

BC

)s(stnuo
C

N-BC  Pd-Cu-N-BC

C 1sO 1s
N 1s

Pd 3d
Cu 2p

408 406 404 402 400 398 396 394

)s(stnuo
C

Binding energy (eV)

Pd-Cu-N-BC
Graphitic N

Pyrrolic N

Pyridinic N

346 344 342 340 338 336 334 332

)s(stnuo
C

Binding energy (eV)

Pd0

Pd2+

Pd2+

Pd0

Pd 3d3/2

Pd 3d5/2
Pd-Cu-N-BC

970 965 960 955 950 945 940 935 930 925

)s(stnuo
C

Binding energy (eV)

Pd-Cu-N-BC

Cu0

Cu2+

Cu2+ Cu0

Cu 2p3/2

Cu 2p1/2

20 40 60 80 100

0.05

0.10

0.15

0.20

0.25

0.30
BC N-BC Pd-Cu-N-BC

mc
A

m
J

-2

Scan rate mV s-1

2.03 mF cm
-2

1.23 mF cm-2

0.29 mF cm-2

0 100 200 300 400 500

0

100

200

300

400

500

0 100 200 300

0

100

200

300

400

500

BC
N-BC
Pd-Cu-N-BC

)
mho(/"Z-

Z'/ (ohm)

BC
N-BC
Pd-Cu-N-BC

-Z
"/

(o
hm

)

Z'/ (ohm)

a b c

d e

500 1000 1500 2000 2500 3000
Raman shift( cm-1)

BC

N-BC

Pd-Cu-N-BCID IG

ID/IG= 1.02

ID/IG= 0.99

ID/IG= 0.97

f

g h i

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-100

-80

-60

-40

-20

0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
-20

-15

-10

-5

0

ytisnedtnerru
C

(m
A

 cm
-2

)

Potential/V (vs RHE)

BC N-BC Pd-Cu-N-BC

C
ur

re
nt

 d
en

sit
y 

(m
A

 cm
-2

)

Potential/V (vs RHE)

)u.a(ytisnetnI

2θ (°)

Pd-Cu-N-BC

BC

N-BC

(111)
(200) (220)

10 20 30 40 50 60 70 80 90

Pd:PDF#46-1043
Cu:PDF#04-0836
PdCu:PDF#48-1551

(111)

(200) (220) (311)
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higher level of defects. The level of defect in the catalyst 
structure significantly affects the adsorption of hydrogen 
and the transfer of free π–electrons to active hydrogen to 
generate free radicals (Duan et al. 2015; Xu et al. 2020b). 
Nitrogen doping can increase the defects in the lattices of 
biochar, which is beneficial for anchoring and dispersion 
of metal atoms on the surface of biochar.

Electrochemical measurements were performed to 
explore the electrochemical property of particle elec-
trodes and the influence of nitrogen doping. The basic 
characteristics of the particle electrodes were analyzed 
by steady-state polarization. The electrochemical active 
surface area (ECSA) was obtained by doing cyclic vol-
tammetry (CV) measurements at different scan rates in 
the non-Faradic region. As shown in Fig. 3g, the ECSA of 
Pd–Cu-N-BC (2.03 mF cm−2) was larger than that of BC 
(0.29 mF  cm−2) and N-BC (1.23 mF cm−2), suggesting a 
better catalytic performance of Pd–Cu-N-BC for NO3–N 
electrocatalytic reduction.

The resistance properties of particle electrodes were 
also analyzed by the transient-state electrochemical 
impedance spectroscope (EIS). The Nyquist plots of 
pristine biochar, nitrogen biochar, and Pd–Cu-N-BC are 
shown in Fig.  3h. The plots of catalysts displayed semi-
circles of different radii in the high-frequency region, 
symbolizing different electrical conductivity of their 
charge-transfer resistance (Rct) (Zhang et al. 2019; Li et al. 
2022a, b). The lower Rct of Pd–Cu-N-BC was ascribed to 
its higher conductivity and lower electron transfer resist-
ance. The results also proved that the electronic structure 
of Pd–Cu-N-BC was efficiently optimized through nitro-
gen doping. The catalytic performance of Pd–Cu-N-BC 
could be enhanced by modulation the Pd and Cu coordi-
nation through nitrogen doping.

Linear sweep voltammetry (LSV) measurements were 
performed in 1.0 M KOH solution and the results of each 
material are shown in Fig.  3i. There was obvious differ-
ence in the potential value required (overpotential) for 
the reference current density (η10, 10 mA  cm−2) of the 
catalysts, which reflect the difficulty of the hydrogen evo-
lution reaction (HER). The overpotential of Pd–Cu-N-BC 
(− 0.47 V) was lower than that of BC (no detected) and 
N-BC (− 0.72 V), confirming that HER was more likely to 
occur in Pd–Cu-N-BC system to generate hydrogen radi-
cal (H*) for NO3

− reduction.

3.2 � Catalytic performance of the Pd–Cu‑N‑BC
3.2.1 � Precursors concentration
The concentration of precursors plays an important role 
in determining the catalytic performance of the catalysts 
and the Pd and Cu metal loading ratio is given in Table 1. 
The electrocatalytic reduction of NO3–N in water by Pd–
Cu-N-BC is shown in Fig. 4a–c. The results indicated that 

the electro-catalytic removal rate of NO3–N increased 
with the increase of the concentration of Pd2+. When 
the concentrations of Pd2+ and Cu2+ were 0.80 g L−1 and 
0.20 g L−1 in the precursor solution, the NO3–N removal 
was 100%, When the concentration of Pd2+ was further 
increased to 1.00  g  L−1, the selectivity of N2 decreased 
significantly (Fig. 4d). The decrease in N2 generation may 
be related to the decrease in the number of SACs in the 
catalyst, as the active sites are more likely to be present 
in the form of nanoparticles at higher concentrations. 
Therefore, under the optimal concentration of Pd2+ of 
0.80  g  L−1, Pd and Cu atoms could be loaded success-
fully and dispersed on the surface of the biochar lattice 
uniformly, and the kinetic constant value of catalytic 
performance was 0.0147 through the first order reaction 
kinetics simulation. 

3.2.2 � Initial NO3–N concentration
Using the titanium–ruthenium plate as anode and cur-
rent collector for cathode in the reactor, electrocatalytic 
reduction experiments were carried out with differ-
ent initial concentrations of nitrate solutions at pH 7.0. 
The concentration of Na2SO4 electrolyte solution was 
0.20  g  L−1 and current density was 3.17  mA  cm−2. The 
experimental results are presented in Fig.  5a–c. The 
results showed that the removal rate of NO3–N in the 
solution decreased with the increase of the initial concen-
tration of NO3

−. And with the increase of the initial con-
centration of NO3–N, the generation of N2 increased at 
first and then decreased (Fig. 5d). Considering the nitrate 
removal rate and N2 generation together, Pd–Cu-N-BC 
had a high catalytic efficiency when the NO3–N initial 
concentration was 100 mg  L−1, and the kinetic constant 
value was 0.0205 through the first order reaction kinetics.

3.2.3 � Current density
Current density is considered to be one of significant 
factors affecting the reaction rate. Therefore, the effect 
of current density on the electrocatalytic reduction of 
nitrate was investigated in this work. The removal of 
NO3–N, and the generation of NO2

− and NH4
+ under 

different current densities are shown in Fig.  6a–d. The 

Table 1  Metal load of impregnated supported catalyst at 
different precursor concentrations

Type of catalyst Metal loading (wt%)

Pd Cu

Pd0.30Cu0.075-N-BC 2.48 0.78

Pd0.60Cu0.15-N-BC 4.89 1.37

Pd0.80Cu0.20-N-BC 5.59 1.33

Pd1.00Cu0.25-N-BC 8.71 5.33
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results indicated that the removal rate of NO3–N could 
reach about 95% at 180  min when the current density 
was increased from 1.90 to 8.25 mA cm−2. Additionally, 
the generation of N2 increased with the current density 
increased to 6.98 mA cm−2, and the kinetic rate constant 
was 0.0186. Further increase in current density led to the 
decrease in both NO3

− removal rate and N2 generation. 
Excessive current density leads to high energy consump-
tion, which will lead to higher treatment cost and is con-
trary to green chemistry.

3.2.4 � pH
The pH value is also an important parameter to regu-
late the NO3–N removal in the aqueous phase. Fig-
ure 7a  shows that the removal rate of NO3–N showed 
a decreasing trend with the  increase of pH from 3.0 to 

9.0. Moreover, both the removal rate of NO3–N and 
the generation of N2 could reach the peak at pH = 7 
(Fig.  7d). The results revealed that the change of pH 
could affect the reduction of NO3–N and the generation 
of N2. With the increase of pH value, the concentration 
of OH− ions increased, and OH− ions occupied the 
surface of the metal catalyst. Consequently, NO3

− and 
NO2

− adsorbed on the surface of the metal decreased, 
and the amount of hydrogen produced by electroly-
sis adsorbed on the metal surface was also decreased 
(Fig.  7b). Correspondingly, the reduction rate slowed 
down, and the probability of ammonia (NH4

+) genera-
tion also increased (Fig. 7c). Herein, an acidic or alka-
line water environment is not favorable for the removal 
of NO3–N from water, while neutral water environment 
is favorable for the harmless treatment of nitrate by 

Fig. 4  Effect of electrocatalytic reduction of nitrate at different concentrations of precursors (a: the removal of NO3-N; b-c: the generation of NO2-N 
and NH4-N; d: the selectivity rate of NO2-N, NH4-N and the generation rate of N2)
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Pd–Cu-N-BC and the kinetic constant value was 0.0186 
for catalytic performance.

3.3 � Role of H*
In order to further understand the important con-
tribution of H* versus direct cathodic reduction in 
reaction system, the different concentrations of TBA 
(tert-butanol) were added to quench H* in the experi-
ments. H* may be involved in indirect reduction and  to 
the process reaction pathways are shown in Eqs. 6–9.

(6)
∗NO3 + 2H+

+ ∗ → ∗NO2 +H2O �G = −1.61 eV

(7)
∗NO2 +H3O

+
+H∗ → ∗NO+ 2H2O+ ∗ �G = −0.49 eV

As shown in Fig.  8a, increasing the concentration of 
TBA in the electrolyte could lead to the decrease of the 
nitrate removal and N2 generation. These results have 
show  the active role of H* in the nitrate reduction pro-
cess, corresponding to the previous research (Shin et al. 
2014; Niu et  al. 2020; Zheng et  al. 2022). TBA can be 
used as a shielding agent to consume the H* produced 
during the electroreduction reaction to form the inert 
2-methyl-2-propanol free radicals, When the catalytic 
reduction reaction was carried out for 90 min, the inhibi-
tion effect of tert-butanol as the shielding agent of atomic 

(8)

∗N+NO−

2 +H3O
+
+H∗ → ∗N2O+ 2H2O+ ∗

�G = −2.29 eV

(9)
∗N2O+H∗ → ∗N2 + ∗OH �G = −7.09 eV

Fig. 5  Effect of electrocatalytic reduction of nitrate at a different initial concentration of nitrate (a: the removal of NO3-N; b-c: the generation 
of NO2-N and NH4-N; d: the selectivity rate of NO2-N, NH4-N and the generation rate of N2)
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hydrogen H* was obvious. When no tert-butanol was 
added, the nitrate removal rate in the reaction system 
basically reached 100%, and the nitrogen generation rate 
was 72.32%. When 0.2 M, 0.5 M and 1.0 M TBA solutions 
were added, the removal rates of nitrate in the system 
decreased to 87%, 71% and 60%, respectively. The nitro-
gen generation rate also decreased significantly, which 
was 39%, 29% and 23%, respectively (Fig. 8b). When the 
concentration of TBA was 0.2  M, the removal rate of 
nitrate was reduced by about 33% after 90  min, which 
revealed that H* played an important role in the nitrate 
reduction process.

3.4 � Mechanistic studies by DFT of electrocatalysis
In order to understand the mechanism of electrocata-
lytic reduction of nitrate at the molecular level, the 

relationship between the structure, Gibbs free energy, 
and catalytic performance of Pd–Cu-N-BC was explored 
by DFT calculations. Pd and Cu metal atoms were 
embedded in the N-doped biochar lattice, and coordi-
nated with pyridine nitrogen in the structure of Pd-N4 
and Cu-N4, respectively. The results of geometric struc-
ture optimization showed that the Pd–Cu-N-BC main-
tained a relatively good planar relationship with N atoms 
as dopant, which facilitated the optimization of the inter-
mediate state adsorption and promoted the hydrogen 
evolution performance of the catalyst (HER), resulting in 
a stable single-atom catalyst structure.

Previous reports have displayed theoretically based on 
DFT calculation that there are several conventional path-
ways for the nitrate reduction (Niu et al. 2020; Zhu et al. 
2020; Daiyan et al. 2021; Zhao et al. 2022). Based on the 
existing researches, the possible pathways were given for 

Fig. 6  Effect of electrocatalytic reduction of nitrate at a different current density (a: the removal of NO3-N; b-c: the generation of NO2-N and NH4-N; 
d: the selectivity rate of NO2-N, NH4-N and the generation rate of N2)



Page 12 of 18Zhang et al. Biochar             (2024) 6:8 

Fig. 7  Effect of electrocatalytic reduction of nitrate at different pH values (a: the removal of NO3-N; b-c: the generation of NO2-N and NH4-N; d: 
the selectivity rate of NO2-N, NH4-N and the generation rate of N2)
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electrochemical reduction of nitrate to nitrogen driven 
by Pd–Cu-N-BC in this research (Eqs. 6–13).

The results of the intermediates and Gibbs free energy 
calculations under various reaction conditions are shown 
in Fig. 9. The calculations showed that Gibbs free energy 
of nitrate reduction was an overall negative value, corre-
sponding to the previous reports (Daiyan et al. 2021; Xu 
et al. 2021).

Cu can be considered as the most effective metal for 
electrocatalytic reduction of NO3–N (Dima et  al. 2003; 
Casella et  al. 2004; Pérez-Gallent et  al. 2017), while Pd 
has been known to actively and selectively reduce NO2

− 
to NH4

+ or N2 (Pintar et  al. 2004; Souza-Garcia et  al. 

(10)
∗NH2 + ∗NO → ∗N2 +H2O+ ∗ �G = −5.07 eV

(11)∗N+H∗ → ∗NH+ ∗ �G = −2.24 eV

(12)∗NH+H∗ → ∗NH2 + ∗ �G = −2.07 eV

(13)
∗NH2 +H∗ → ∗NH3 + ∗ �G = −2.09 eV

2012). During the electrocatalytic reduction, Pd and 
Cu metal sites served as the reactive sites for nitrate 
reduction. From the free energy diagram, the formed 
*NO3

− could be reduced to *NO2
− with energy change 

of 1.61 eV through an entirely exothermal process. Sub-
sequently, *NO2

− was transferred around the Pd atom 
to obtain 2H+ to form *NO, and this energy change in 
the free energy profile was 0.49  eV for Pd–Cu-N-BC. 
There was no obvious energy barrier to the process from 
*NO3

− to *NO. Followingly, the process from *NO to *N 
was an endothermal reaction accompanied with the free 
energy increased by 1.39 and 1.21 eV for the intermedi-
ate product *NOH and *N, respectively. Starting from 
this process, there are two sub-pathways for N2 forma-
tion (Fig. 9). H proton attacks the intermediate *N con-
tinuously in the cathode chamber, leading to the energy 
dropped by 2.29 and 8.89 eV for the formation of *N2O 
and *N2 in the first sub-pathway, respectively. Meanwhile, 
in the other sub-pathway, the free energy of 9.31  eV is 
required during the process from *N to *N2. Eventu-
ally, intermediate states could combine with each other 

Fig. 9  Mechanism of electrocatalytic reduction of nitrate on Pd–Cu-N-BC SACs
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to form coupled N2 in electrocatalytic reduction system 
(Prüsse et al. 2000).

In the whole process of reduction, the end products 
were regulated by the Pd atom, depending on the adsorp-
tion energy of *NH bound to H* or *N2O bound to 
*NO. According to the reaction pathway, the active sites 
around the Pd atom would provide more energy for *N2O 
to combine with *NO to generate N2, which can easily 
escape from the chamber due to its inertness and poor 
solubility. Nitrogen doping could reasonably modulate 
the electronic structure of Pd and Cu sites in the catalysts 
at the atomic level and enhance electrocatalytic reduction 
of nitrate. Corresponding to experimental results, Pd and 
Cu metal atoms cooperated to complete the reduction of 

nitrate and obtain a high selectivity of nitrogen (72.32%). 
Pd–Cu-N-BC achieved efficient electrocatalytic removal 
of nitrate with high N2 selectivity, which provided theo-
retical support and technical reference for the pollution 
prevention and control of nitrate in groundwater.

3.5 � Reusability and stability of Pd–Cu‑N‑BC
Stability is the one of the important indicators to evalu-
ate the practical application of the catalyst. The reus-
ability and stability of Pd–Cu-N-BC were considered and 
explored in this work. In the experiments, the NO3–N 
removal rate and mass-normalized catalytic activity 
(Amass) were assessed by cycle test. The results are shown 
in Fig. 10. After three cycles of catalytic reduction experi-
ments, the removal rate of NO3

− declined from 99.65% 
to 89.72%. Additionally, in the first cycle experiment, 
the catalytic activity of Pd–Cu-N-BC was 0.6894  mg 
(gcat min)−1 (Eq. 5). During the second and third cycles, 
the catalytic activity decreased to 0.6643 mg (gcat min)−1 
and 0.6282 mg (gcat min)−1, respectively, which decreased 
only by 3.6% and 8.9% compared to the first cycle. More-
over, the catalytic activity of the 3D SACs in this study 
was about 2.54 times higher than that reported by Wu 
et  al. (2022). The comparison with other materials is 
listed in the Table 2, which indicates that the Pd–Cu-N-
BC SACs possessed a great potential to reduce nitrate 
and harmless disposal. Therefore, the active components 
in the catalyst can maintain a high stability in the electro-
catalytic reduction system and have high efficiency in the 
electrocatalytic removal of nitrate. 
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N2-GR(%)
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3
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Fig. 10  NO3–N removal rate and mass-normalized catalytic activity 
in three cycles

Table 2  The comparison of nitrate removal from water through the different materials

Material Metal elements form NO3–N removal (%) NH4–N selectivity N2-generation Refs.

Pd–Cu-Pt/γ-Al2O3 Nano 95 2.2% – Gao et al. (2004)

Pd/γ-Al2O3 Nano 17.9 2.65% 8.2% Zhang et al. (2003)

Pd–Cu/γ-Al2O3 Nano 100 4.31% 94% Zhang et al. (2003)

Cu-N-C-800 Single atom 100 78.05% 21.82% Zhu et al. (2020)

Active sepiolite – 100 – – Öztürk et al. (2004)

Activated red mud – 75 – – Cengeloglu et al. (2006)

NZVI-N Nano 83.5 16.7% – Liu et al. (2012)

Sn-Pd@ZSM-5 Nano 100 – 88% Hamid et al. (2016)

Al alloys particles Particle 100 80% – Bao et al. (2017)

NF-Cu/Pd Nano 96.4 – 65.4% Shen et al. (2020)

Pd-Sn@ACF Nano 97.2 9.3% 37% Tada et al. (2004)

Co-CNP Single atom 100 97%-FE – Li et al. (2022a, b)

Pd–Cu/Fe Nano 100 – 28.9% Liou et al. (2009)

Pd/Cu@NaY Nano 100 10% 94% Soares et al. (2015)

Pd–Cu-SAAs Alloy 42 – 94% Wu et al. (2023)

Pd–Cu-N-BC Single atom 100 33.24% 72.32% This study
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4 � Conclusions
A 3D electrocatalytic reaction system was developed for 
electrocatalytic reduction of nitrate by using Pd–Cu-N-
BC with the best nitrate removal and the high generation 
of N2 about 100% and 72.32%, respectively. In the three-
dimensional electrocatalytic reduction system, the syner-
gistic effect of Pd and Cu can enhance the reduction of 
nitrate and promote the production of nitrogen.

The Pd and Cu metal atoms were successfully loaded 
and uniformly dispersed in the biochar lattice by impreg-
nation, calcination and reduction methods. Heteroatom 
doping (such as N, P, S, and B. etc.) could modulate the 
electronic structure of Pd and Cu sites in the biochar lat-
tice at the atomic level and enhance the electrocatalytic 
reduction of nitrate.

The synergy between Pd and Cu could promote the 
nitrate reduction into N2, and the active sites around 
the Pd atoms would provide more energy for the N2O* 
to combine with NO* to generate N2, which could easily 
escape from the electrolyte because of its inertness and 
poor solubility. Corresponding to experimental results, 
Pd and Cu dual metal atoms can cooperate to accomplish 
the electrocatalytic reduction of nitrate.
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