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1 Experimental section

1.1 Materials

N, N-dimethylformamide (DMF), methanol (MeOH), ethanol (EtOH) and isopropanol 

were purchased from Fuyu Fine Chemical Co. Ltd. (Tianjin, China). 2,2,6,6-

tetramethylpiperidine (TEMP), 4-Chlorophenol, Phenol, 2,4-Dichlorophenol (2,4-DP), 

4-Aminoantipyrine (4-AP), 1,10-Phenanthroline, o-Phenylenediamine (OPD), p-

Benzoquinone (p-BQ), Dopamine (DA), Histidine (His) were obtained from Macklin 

Chemical Co. Ltd. (Shanghai, China). 2-(N-Morpholino) ethanesulfonic acid (MES) 

was purchased from Yuanye Bio-Technology Co., Ltd (Shanghai, China). Laccase and 

Horseradish peroxidase (HRP) were purchased from Aladdin Chemical Co. Ltd. 

(Shanghai, China). 

1.2. Characterization 

The morphology was observed by Field-emission scanning electron microscope 

(FESEM, Hitachi SU-8010, Japan). Transmission electron microscopy 

(JEM2100PLUS, JEOL, Beijing) was also employed to character morpholgy, particle 

sizes and the mass percentages of individual elements in the samples. The XRD patterns 

were recorded by using a PANalytical Empyrean X-ray diffractometer (Cu were 

collected by using a VERTEX 70 Fourier transform infrared spectrophotometer 

(Bruker, Germany). X-ray photoelectron spectra (XPS) were obtained using a Thermo 

Scientific K-Alpha+ electron spectrometer (Thermo Fisher) by using AlK alpha 

radiation. The UV-Vis absorption spectra were recorded by a TU-1901 UV-Vis spectro 

photometer (Persee, China). Electron paramagnetic resonance (EPR) measurements 



were obtained by an EMXplus (Bruker, Germany). The element contents were obtained 

by inductively coupled plasma optical emission spectrometry (ICP-OES) (Avio 500) 

(Perkinelmer, United States). 

1.3 Catalytic stability assessment 

To determine the effects of pH values on catalytic activity, Cu-N/C nanozyme and free 

laccase were shaken at 25 °C for 40 min in different pH ranges (3 to 9) and their relative 

catalytic activity was determined by colorimetric reactions of 2,4-diaminophen (2,4-

DP) and 4-aminoantipyrine (4-AP). Subsequently, thermal stability was assessed by 

incubating both catalysts at temperatures ranging from 25 to 85 °C for 40 min. The 

effect of salt concentration on catalytic activity was investigated by adding different 

concentrations (0–600 mM) of NaCl to the reaction system to evaluate the effect of 

ionic strength. In addition, the effects of different ethanol concentrations (0–100%) on 

the catalytic activity of Cu-N/C and free laccase were determined. Finally, to evaluate 

the cycling catalytic stability of Cu-N/C, the Cu-N/C suspension was mixed with 2,4-

DP and 4-AP, and after shaking at 25 °C for 40 min, Cu-N/C was recovered by 

centrifugation for the next round of reaction.

1.4 Determination of reactive oxygen species (ROS)

To determine the reactive species potentially produced during the reaction, isopropanol 

(IPA), p-benzoquinone (p-BQ), histidine (His), and EDTA were used as scavengers of 

·OH, superoxide radical (O2·⁻), singlet oxygen (1O2), and oxygen vacancies, 

respectively. A mixture of 0.5 mL Cu-N/C aqueous solution (0.5 mg/mL), 1 mL 4-AP 

(1 mM), and 1 mL 2,4-DP (1 mM) was added to 0.5 mL MES buffer (60 mM) 



containing different scavengers. The reaction was conducted at 25 °C for 40 min. 

Afterward, the suspension was collected and analyzed by UV–Vis spectrophotometry 

at 510 nm.

1.5 Detection of phenols and amines

Phenol solutions at concentrations of 20, 50, 100, 200, 300, 400, and 500 μM were 

mixed with 0.5 mL of Cu-N/C in water (0.5 mg·mL-1) and 1 mL of 4-AP (1 mM) in 

0.5 mL of MES buffer (60 mM, pH = 7.0) for 40 minutes at 25 °C. The progress of the 

reaction was monitored by measuring the absorbance of the supernatant at 510 nm. The 

limit of detection is calculated by 3σ/b, where σ represents the standard deviation of the 

blank sample and b represents the slope of the standard curve. The detection process 

for p-chlorophenol is similar to the above. 

To evaluate the catalytic performance of Cu-N/C against amine compounds, 0.5 

mL of Cu-N/C aqueous dispersion (0.5 mg·mL-1) was mixed with 1 mL of aqueous o-

phenylenediamine and 1.5 mL of MES buffer (60 mM, pH = 7.0) for 40 minutes at 25 

°C. The concentrations of o-phenylenediamine were 100, 300, 500, 700, 800, 900, and 

1000 μM, respectively. A standard curve was established by the concentration of o-

phenylenediamine and its absorbance at 418 nm.



2. Supplementary Figure S1-S9 and Table S1-S2

Figure S1. (a) SEM images of Cu-phen.

Figure S2.AC-HAADF-STEM images of Cu-N/C.



Figure S3. (a) FT-IR spectra of Cu-phen and Cu-N/C. (b) Pore size distributions of Cu-
phen and Cu-N/C.

Figure S4. The full XPS spectra of Cu-N/C.

Figure S5. (a) High-resolution C 1s XPS spectra of Cu-N/C. 
(b) Cu LMM Auger spectrum. 



Figure S6. N 1s XPS spectra of Cu-N/C.

Figure S7. K-edge EXAFS of different samples with Cu.



Figure S8. Photos of the hydrogen peroxide test results.

Figure S9. The catalytic selectivity of Cu-N/C for different substrates.



Figure S10. (a) UV-vis spectra of the Cu-N/C catalytic system using 4-chlorophenol 

as substrate at pH 7.0; (b) Linear relationship between 4-chlorophenol concentration 

and absorbance; (c) UV-vis spectra of o-phenylenediamine oxidation products in MES 

buffer (60 mM, pH 7.0); (d) Linear relationship between o-phenylenediamine 

concentration and absorbance.

Figure S11. Interference resistance of Cu-N/C nanozyme to potential interfering 
substances. 



Figure S12. UV-Vis absorption spectra of four dyes, including (a) malachite green, (b) 
acidic fuchsin, (c) congo red, (d) neutral red, in the presence of Cu-N/C, for 40 
minutes. 

Figure S13. (a) The effect of pH on dye degradation. (b) Comparison of relative 
efficiency after cycling. 



Table S1 Elemental percentage content

Elements Atomic percentage (%)
C 60.58
Cu 21.76
O 10.85
N 6.81

Table S2. Porosity parameters

Sample Surface Area(m2

/g)
Pore Volume(cm3

/g)
Pore Width 
(Mode, nm)

Cu-phen 405.994 0.229 1.022
Cu-N/C 609.680 0.467 5.102

Table S3. Comparison of laccase - like catalytic kinetic parameters of Cu – N/C, free 

laccase and other reported laccase mimics

Catalyst Km (mM) Vmax (mM min-1) Ref.

Cu-NH2-BDC-Mel 0.19 1.79×10−3 1

Tris-Cu 0.18 15.62×10−3 2

CH-Cu 0.42 7.32×10−3 3

BpA-Cu 0.070 1.56×10−3 4

Cu/GMP 0.59 0.83×10−3 5

I-Cu 0.17 0.41×10−3 6

His-Cys-Cu 1.53 2.85×10−3 7

CA-Cu 0.23 0.0030×10−3 8

Laccase 0.52 5.12×10−4 This work

Cu-N/C 0.096 1.30×10-3 This work



Table S4. Comparison of various testing approaches for phenol

Materials
Linear 

range

Detection 

limit

Detection 

method

Referenc

e

SPE/E-rGO 1–40 μM 0.20 μM Electrochemical 9

CeO2 

microstructures

1.1-527.6 

μM
0.38 μM Electrochemical 10

Supramolecular 

solvent

0.11-1.59 

μM
0.021 μM HPLC 11

Fe1@CN-20
160-532 

μM
2.60 μM Colorimetric 12

Fe3O4/CNC@MOF 2-200 µM 0.32 μM Colorimetric 13

AMP-Cu 0.1–100 μM 0.033 μM Colorimetric 14

Cu-N/C 50-500 µM 0.060 μM Colorimetric This work

Table S5. Analysis of added phenol in actual water samples

Sample Added
(μM)

Found
(μM)

Recovery
(%)

RSD (%,
n = 3)

50 50.81±1.67 101.62 3.28
200 201.87 ± 4.33 100.94 2.15

Drinking
water

500 499.61 ± 2.80 99.92 0.56
50 49.47±0.80 98.94 1.62
200 200.94 ± 2.44 100.47 1.21

Tap water

500 501.74 ± 4.40 100.35 0.88
50 50.27±0.80 100.54 1.59
200 199.16 ± 8.12 99.58 4.08

Xianlin lake

500 503.87 ± 4.80 100.77 0.95



Table S6. Comparison of Cu-N/C with other reported catalysts

Catalyst Concentration 
Catalyst 
(mg/mL)

Dye Degradation
efficiency (%)

Time 
(min)

Reference

3DOM Fe-
N-C

0.018 RhB 92 240 15

Mn-SAzyme 0.025 MB 90.1% 300 16
CeO2@ZIF-8 5.0 Five dyes Above 80 360 17
Cu–TiO2 NT —— MO 80 300 18
Mn-GMPNS 0.5 Six dyes Above 70 30 19
MnO₂/Cu-
BDC-His

0.2 Four dyes Above 80 20 20

Cu-N/C 3.0 Four dyes Above 75 40 This work
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