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1. Material Synthesis and Characterization

Chemicals

Cobalt acetate (Co(CH3COO)2·4H2O), potassium hexacyanoferrate trihydrate 

(K4[Fe(CN)6]·3H2O), potassium hexacyanocobaltate(III) (K3[Co(CN)6]), and Polyvinyl 

pyrrolidone (PVP, K30) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). Potassium peroxymonosulfate (PMS) and polyacrylonitrile (PAN, MW = 

150000) were purchased from Sigma-Aldrich. Ferrous sulfate heptahydrate (FeSO4·7H2O), 

tertbutyl alcohol (TBA), N,N-dimethylformamide (DMF), and other organic solvents were 

acquired from Nanjing Chemical Reagent Co., Ltd. (Nanjing, China).

Experimental

Synthesis of PB and PBA Nanoparticles

Fe-Fe PB, Fe-Co PBA, and Co-Co PBA nanoparticles were prepared according to the previous 

method with a little modification (Chem. Commun. 2015, 51, 10479-10482). Typically, 15.2 g 

PVP was added into 200 mL of DI water with continuous stirring. When PVP was completely 

dissolved, 1.8 mL HCl was dropped into PVP solution and stirred for 10 min. Then, 0.44 g 

K4[Fe(CN)6]·3H2O was added into the mixture and stirred for another 1 h at room temperature. 

After that, the above solution was transferred into a 250 mL Teflon-lined stainless autoclave, 

heated to 80℃ for 24 h to produce Prussian blue (Fe-Fe PB). 

For preparation of Prussian blue analogues (PBAs), 0.332 g K3[Co(CN)6]·3H2O and 6.0 g 

PVP were dissolved in 200 mL of DI water. Then a peristaltic pump was used to drop 200 mL 

of 2.1 mg·mL−1 FeSO4·7H2O or 1.87 mg·mL−1 Co(CH3COO)2·4H2O solution in the above 

solution with a flow rate of 4 mL·min−1. Fe-Co PBA or Co-Co PBA was obtained after stirring 

24 h under room temperature. The products were collected by centrifugation and washed 3 

times by DI water and anhydrous ethanol, and finally dried up at 60℃.

Synthesis of PBA-PAN fibers

1.3 g PBA nanoparticles were added into 5.0 mL DMF with sonication until it was well 

dispersed. Then, 0.65 g PAN was added into the solution with stirring at 60 oC for 4 h to obtain 

the electrospinning precursor. The electrospinning process was carried out by applying a high 

positive voltage (10 kV) with a collecting distance 15 cm. The injection speed was fixed at 0.15 

mm min-1.
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Synthesis of Fe@N-C, Co@N-C, and FeCo@N-C nano-necklaces

The above obtained PBA-PAN fibers were placed in a tube furnace and then heated to the 800 

℃ for 4 h at the heating rate of 5 ℃ min-1 in N2 atmosphere. 

Synthesis of FeCo@N-C particles and PAN-C

The control sample FeCo@N-C particles were prepared from directly carbonized Fe-Co PBA. 

PAN fibers were prepared without adding PBA particles in the precursor solution, following 

with same and pyrolysis as above to get PAN-C. 

Characterization

The morphology of the samples was investigated by TEM (FEI T20), SEM (FEI 250), STEM 

(Tecnai G2 F30 S-TWIN). The XPS (X-ray photoelectron spectroscopy) spectra were obtained 

by using a PHI Quantera Ⅱ ESCA System with Al Kα radiation at 1486.8V. N2 adsorption and 

desorption isotherms were measured using Micromeritics ASAP-2020 at liquid nitrogen 

temperature (77 K). The composition was examined by XRD instrument (BRUKER D8, Cu 

Kα) at 40 kV and 40 mA (λ=1.5418 Å). XAFS spectra at the Co K-edge (7709 eV) and Fe K-

edge (7112 eV) were measured at the beamline 1W1B station of the Shanghai Synchrotron 

Radiation Facility, China. The Co K-edge XANES data were recorded in a fluorescence mode. 

Co foil was used as references. The Fe K-edge XANES data were recorded in a fluorescence 

mode. Fe foil was used as references. The extended X-ray absorption fine structure (EXAFS) 

data were calculated utilizing FEFF 9.0. The Mössbauer measurements were performed at room 

temperature using a conventional spectrometer (Germany, Wissel MS-500) in transmission 

geometry with constant acceleration mode. A 57Co (Rh) source with activity of 25 mCi was 

used. The velocity calibration was done with a room temperature α-Fe absorber. The spectra 

were fitted by the software Recoil using Voigt-based Fitting (VBF) analysis.

Computational Framework

Spin-polarized DFT calculations were performed with the Vienna ab initio simulation package

(VASP). The generalized gradient approximation proposed by Perdew-Burke-Ernzerhof is 

selected for the exchange-correlation potential. The cut-off energy for plane wave is set to 400 

eV. The energy criterion is set to 10-5 eV in iterative solution of the Kohn-Sham equation. The 

Brillouin zone integration is performed at the Gamma point. All the structures are relaxed until 

the residual forces on the atoms have declined to less than 0.05 eV/Å. The Gibbs free energies 
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are defined as

ΔG=E+EZPE-TS,

where E, EZPE, and TS refer to the total energy of the system, the zero-point energy, and 

the entropy.
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2. Catalytic activity measurements

50 mg PMS was first added to 100 mL 20 mg L-1 bisphenol A (BPA) solution with stirring for 

5 min to ensure that the PMS dissolved completely. 15 mg catalysts were added to the above 

solution. 1.5 mL of solution was carried out and quenched with 1.5 mL methanol. The 

remaining BPA were tested by high-performance liquid chromatograph (HPLC) (Waters, 

e2695). All control experiments were performed under the same conditions. The EPR (Bruker 

EMX 10/12) experiments were performed to record signals of the radicals using DMPO and 
1O2 using TMP as a spin-trapping agent. The leaching of metal ions was analyzed by an 

inductively coupled plasma-optical emission spectrometer (ICP-OES) (Optima 7000DV, 

Perkin Elmer). The electrochemistry impedance (EIS) measurements were carried out in 5 mV 

ac amplitude (CHI660E, Shanghai, China). The turnover frequency (TOF) was calculated 

through dividing the reaction rate of pollutant degradation by the catalyst concentration.
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3. Supporting Figures and Tables

Fig. S1 SEM images of (a) Fe-Fe PB particles, (b) the electrospun FeFe PBA-PAN fibers, and (c) Fe@N-C 

nano-necklaces. SEM images of (d) Co-Co PBA particles, (e) the electrospun CoCo PBA-PAN fibers, and 

(f) Co@N-C nano-necklaces.
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Fig. S2 (a) N2 adsorption-desorption isotherms and (b) pore size distributions of FeCo@N-C particles, 

Fe@N-C nano-necklaces, Co@N-C nano-necklaces, and FeCo@N-C nano-necklaces.
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Fig. S3 XRD patterns of PAN-C, FeCo@N-C particles, Fe@N-C nano-necklaces, Co@N-C nano-necklaces, 

and FeCo@N-C nano-necklaces.
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Fig. S4 Raman spectra of PAN-C, FeCo@N-C particles, Fe@N-C nano-necklaces, Co@N-C nano-
necklaces, and FeCo@N-C nano-necklaces.
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Fig. S5 XPS spectra for the (a) survey scan, b) N 1s, (c) Fe 2p, and (d) Co 2p regions of FeCo@N-C nano-

necklaces. 
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Fig. S6 Co K-edge XANES spectra of FeCo@N-C nano-necklaces and Co foil. (c) Corresponding Fourier 

transformed k3-weighted of the EXAFS spectra for Co K-edge.
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Fig. S7 (a) SEM image and (b) TEM image of FeCo@N-C nano-necklaces after 5 cycles test.
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Fig. S8 Effects of initial pH ([FeCo@N-C nano-necklaces] = 0.15 g L-1, [BPA] = 20 mg L-1, [PMS] = 0.5 g 

L-1, T = 298 K).
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Fig. S9 Effects of temperature ([FeCo@N-C nano-necklaces] = 0.15 g L-1, [BPA] = 20 mg L-1, [PMS] = 0.5 

g L-1, pH = 7.0), the inset showing the Arrhenius plot.
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Fig. S10 Effects of (a) PMS dosage ([FeCo@N-C nano-necklaces] = 0.15 g L-1, [BPA] = 20 mg L-1, pH = 

7.0); (b) Catalyst loading ([BPA] = 20 mg L-1, [PMS] = 0.5 g L-1, pH = 7.0).



S16

Fig. S11 Effects of Cl-, HCO3
-, NO3

-, and HA on BPA removal. (b) BPA removal in the actual water system 

([FeCo@N-C nano-necklaces] = 0.15 g L-1, [BPA] = 20 mg L-1, T = 298 K, pH = 7.0).
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Fig. S12 Optimized configurations of PMS adsorbed on (a) Fe@N-C nano-necklaces and (b) Co@N-C nano-
necklaces.
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Table S1. The BET surface area and pore volume of as-prepared catalysts.

Catalysts SBET (m2 g-1) Pore volume (cm3 g-1)

Fe@N-C nano-necklaces 217.1 0.32

Co@N-C nano-necklaces 146.6 0.20

FeCo@N-C nano-necklaces 214.7 0.27

FeCo@N-C particles 50.8 0.12
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Table S2. Mössbauer parameters of FeCo@N-C nano-necklaces.

Sample δ Bhf,m ΔEQ

FeCo@N-C nano-necklaces 0.028 349.84 0.009

δ: isomer shift, Bhf,m: hyperfine field, ΔEQ: quadrupole splitting.
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Table S3. The catalytic performance comparison of recently reported catalysts for BPA removal.

Catalyst
(g L-1)

PMS
(g L-1)

BPA
(m L-1)

Removal
efficiency

References

FeCo@N-C nano-necklaces (0.1) 0.5 20 100% (6 min) This work

Co@N-C nano-necklaces (0.1) 0.5 20 100% (8 min) This work

Fe@N-C nano-necklaces (0.1) 0.5 20 80% (20 min) This work

Co-SAs (0.2) 0.4 20 81.6% (12 min) 1

HCCNs (0.1) 0.15 20 98% (within 6 min) 2

MnFeO (0.1) 0.2 10 95% (within 30 min) 3

FeCo-NC-2 (0.1) 0.2 20 100% (4 min) 4

O-CN (1.0) 6.2 11.2 100% (45 min) 5

Fe1Mn5Co4-N@C (0.1) 0.2 20 100% (10 min) 6

SA-Fe-NC (0.05) 1.2 22.4 100% (3 min) 7

NGC700 (0.1) 0.2 20 98% (4 min) 8

Fe-MMT (2.5) 0.6 1.1 100% (60 min) 9

Fe-doped g-C3N4 (0.1) 0.6 10 100% (4 min) 10

Co@N-C-KNO3 (0.05) 0.6 50 100% (10 min) 11

B-OMC (0.2) 0.6 20 91% (60 min) 12

NGA (0.05) 2 10 100% (30 min) 3

SiM-1 (0.4) 0.1 10 99% (30 min) 14

NPSC-700 (0.06) 0.4 25 90.1% (30 min) 15

ce-MoS2 (0.05) 0.5 2 100% (20 min) 16
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