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Experimental sections

Synthesis of the samples

Synthesis of yolk-shell TNC/C-X sample: Glycerol (CsHgOs, 10 mL), TiOSO,4 (1
mL), and diethyl ether (C,HsOC,Hs, 8 mL) were added sequentially to ethanol
(C,H50H, 20 mL) under stirring and stirred for 15 min. The resulting mixture was
transferred to a Teflon-lined stainless-steel autoclave and heated at 110 °C for 48 h.
After cooling to room temperature, the white precipitate was collected by suction
filtration, washed with ethanol three times, and dried at 60 °C overnight. The dried
product was then calcined at 1000 °C for 2 h under an Ar atmosphere to obtain TP/C.
For acid etching, TP/C (100 mg) was dispersed in H,SO,4 (40 mL) and stirred for 10
min in a 50 mL Teflon liner. The mixture was sealed in a hydrothermal autoclave and
heated at 160 °C for 4 h. After cooling, the resulting powder was collected by
centrifugation, washed with deionized water three times, and dried at 60 °C for 12 h
to yield TNC/C-4. By varying the hydrothermal reaction time (1, 3, or 10 h), the
corresponding samples were denoted as TNC/C-1, TNC/C-3, and TNC/C-10,
respectively.

Synthesis of the TNC/C-4-H,: TNC/C-4 was further annealed at 600 °C for 2 h under
10% H,/Ar atmosphere to obtain the reduced sample, denoted as TNC/C-4-H,.

Characterizations

X-ray diffraction (XRD) patterns were collected on a Rigaku D/Max-2000
diffractometer using Cu Ko radiation (A = 1.54 A). Field-emission scanning electron
microscopy (FESEM, HITACH S-4800 SEM) and transmission electron microscopy
(TEM, JEM-2100) were used to examine the morphology and microstructure. X-ray
photoelectron spectroscopy (XPS) measurement was performed on a Perkin Elmer PH
1500C instrument. Nitrogen adsorption-desorption isotherms were recorded on a
Micromeritics TriStar II system at 77 K after degassing the samples at 120 °C for 6 h.
The specific surface area was calculated using the Brunauer-Emmett-Teller (BET)

method, and the pore size distribution was derived from the adsorption branch using
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the Barrett-Joyner-Halenda (BJH) model. Thermogravimetric analysis (TGA) was
carried out in air at a heating rate of 10 °C min~!. Raman spectra were collected on a

Dilor LabRam II system using a 633 nm He-Ne laser.

Electrochemical measurements: To prepare the working electrode, 5 mg of
electrocatalyst was dispersed in 975 pL of ethanol and 25 pL of Nafion solution (5
wt.%) and sonicated for 1 h to form a homogeneous ink. Then, 10 pL of the ink was
drop-cast onto a glassy carbon electrode (geometric area: 0.2475 ¢cm?) and dried under
ambient conditions. Electrochemical measurements were performed on a CHI760E
electrochemical workstation using a three-electrode configuration, with the catalyst-
coated glassy carbon electrode as the working electrode, a graphite rod as the counter
electrode, and an Ag/AgCl electrode as the reference electrode. Measurements were
conducted in 0.1 M KOH or 0.1 M Na,SO, aqueous solution. Prior to testing, the
electrolyte was purged with high-purity O, or N, for at least 20 min. Cyclic
voltammetry (CV) was performed at a scan rate of 50 mV s’'. Linear sweep
voltammetry (LSV) was recorded at 1600 rpm with a scan rate of 5 mV s™. All
potentials were converted to the reversible hydrogen electrode (RHE) scale according

to the following equation:

Epp = Eyg/ngct + 0197 + 0.059 + pH

The H,0, selectivity and electron-transfer number (n) were determined using a
rotating ring disk electrode (RRDE) based on the disk current (/p) and ring current
(Ir). The collection efficiency (N) of the Pt ring was 0.38. The H,O, selectivity (Sel.)

and electron-transfer number (n) were calculated using the following equations:

In/N
Sel.(%) =200 + ——
I, + Ig/N
4 = I,
n=—w— —
I, + Ig/N
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H,0, Quantification: The H,0, concentration was determined by cerium sulfate
titration (Ce(SQO,),). This method is based on the reduction of yellow Ce*" to colorless

Ce’" by H,O; according to the following reaction:

2¢e*t + H0,»2C +2HY + 0,

Phenol Degradation Test: Electro-Fenton degradation of phenol was carried out in a
three-electrode system using a CHI 760E workstation. The catalyst-coated glassy
carbon electrode served as the working electrode, with a graphite rod as the counter
electrode and an Ag/AgCl as the reference electrode. The electrolyte consisted of 0.1
M Na,S0O, containing 0.2 mM FeSO, and phenol at different initial concentrations.
The applied potential was set to 0.2 V vs. RHE. A total of 50 mL of electrolyte was
added into a 100 mL reaction cell, and the solution was purged with O, for 15 min
prior to electrolysis. Aliquots were collected immediately after O, saturation and
again after 10 min of electrolysis. Phenol concentrations were quantified by high-
performance liquid chromatography (HPLC), and degradation efficiencies were

calculated using a standard calibration curve.
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Figure S1. SEM image of product from solvothermal reaction.
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Figure S2. XRD pattern of TP/C.
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Figure S3. (a) SEM image and (b) corresponding elemental mapping of TNC/C-4.

Figure S4. (a-c) The TEM-EDS elemental mapping images of TNC/C-4.
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Figure S5. (a-d) Rietveld-refined XRD patterns of TNC/C-X.
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Figure S6. TGA curves of TNC/C-X.
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Figure S7. FT-IR spectra of TNC/C-X.
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Figure S8. XPS survey spectra of TNC/C-X.
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Figure S9. High-resolution C 1s XPS spectra of (a) TNC/C-1 and TNC/C-3, (b)

TNC/C-4 and TNC/C-10.
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Figure S10. High-resolution O 1s XPS spectra of (a) TNC/C-1 and TNC/C-3, (b)

TNC/C-4 and TNC/C-10.
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Figure S11. High-resolution Ti 2p XPS spectra of TNC/C-X.
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Figure S13. CV curves of TNC/C-1, TNC/C-3, TNC/C-4, and TNC/C-10 recorded in

N,-saturated (dashed lines) and O,-saturated (solid lines) 0.1 M KOH at a scan rate of
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Figure S14. (a) CV curves of TNC/C-4 recorded in O,-saturated 0.1 M KOH
electrolyte at different scan rates. (b) Linear relationship between current density and

scan rate used to determine the double-layer capacitance (Cy)).
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Figure S15. (a) RRDE polarization curves recorded at 1600 rpm in O,-saturated 0.1

M KOH. (b) Corresponding H,0, selectivity and electron-transfer number.
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Figure S16. Chronoamperometry curve of TNC/C-4 recorded at 0.6 V in the flow

cell.
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Figure S17. RRDE polarization curves of TNC/C-4 recorded at 1600 rpm in O,-

saturated 0.1 M Na,SO,.
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Figure S18. RRDE polarization curves recorded at 1600 rpm in O,-saturated 0.1 M

H,S0,.
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Figure S19. Comparison of apparent rate constants (k) for phenol degradation over
TNC/C-4 under different conditions: 20 ppm without Fe?* (k;), 20 ppm electro-Fenton

(kp), 50 ppm electro-Fenton (k3), and 200 ppm electro-Fenton (k).
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Figure S20. Cycling performance of TNC/C-4 for electro-Fenton

ppm phenol.
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Figure S21. Cycling performance of TNC/C-4 for electro-Fenton degradation of 200

ppm phenol.
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Table S1. Lattice constants of TNC/C-X obtained from Rietveld refinement.

Sample

Lattice parameter

TNC/C-1

TNC/C-3

TNC/C-4
TNC/C-10

a=b=4.5925 A, ¢=2.9488 A
a=b=4.5929 A, ¢=2.9510 A
a=b=4.5968 A, ¢=2.9529 A
a=b=4.6040 A, c=2.9622 A

Table S2. Specific surface area, pore volume, and pore size parameters of TNC/C-X.

Sample Surface Area Pore Volume Pore Size
(m* g (cm’ g (nm)
TNC/C-1 434 0.76 7.0
TNC/C-3 669 1.51 9.0
TNC/C-4 794 1.94 9.5
TNC/C-10 1017 2.32 9.6

Table S3. Comparison of H,O, production performance in this work and recent

reports.
Electrocatalyst Electrolyte Selectivity (%) Ref.
TNC/C-4 0.1 M KOH 92 (0.7 V) Our works
S-mC 0.1 M KOH 90 (0.7 V) 1
P-NMG 0.1 M KOH 90 (0.7 V) 2
B-C 0.1 M KOH 95 (0.6 V) 3
G-MrBC 0.1 M KOH 95(0.6 V) 4
Ti0,.,/TiC 0.1 M KOH 90 (0.6 V) 5
NiO, 0.1 M KOH 91 (0.6 V) 6
Au/TiO, 0.1 M KOH 90 (0.5V) 7
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Table S4. ECSA of TNC/C-X estimated from Cy (mF cm™2).

Sample TNC/C-1 TNC/C-3 TNC/C-4 TNC/C-10
ECSA 9.7 22.3 23.7 16.4

Table S5. Comparison of phenol degradation performance in electro-Fenton systems

reported in previous studies.[8-14]

R 1
Electrocatalyst Phenol emf) va Ref.
efficiency
AM
TNC/C-4 2001\11’:? c()) 1h96.8% Our works
2504
20 ppm 1M
1h99.9°
OCNT Na,SO. 99.9 % 8
FeN,O,-HPC 20 ppm pH=6.5 0.5h99.9 % 9
GCN 10 ppm pH=7 3h99.9 % 10
AC 50 ppm pH=3 2h 100 % 11
PC-CNT 10 ppm pH=7 0.5h 83.5% 12
TiO,-Fe* 200 ppm pH=7 1 h82.48 % 13

N-EEGr-GFvv 50 ppm pH=3 0.8h91.1 % 14
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