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Supplementary Texts 90 

Text 1: 91 

Chemicals. Sodium metasilicate (Na2SiO3, 44-47%), Reduced iron powder and deuterium 92 

oxide (D2O) were purchased from Aladdin (Shanghai, China). Florfenicol (C12H14Cl2FNO4S, 93 

99.5%) was supplied by Meclin (Shanghai, China). Deschloro florfenicol (dFF, 94 

C12H15ClFNO4S, 95%) and dideschloro Florfenicol (ddFF, C12H16FNO4S, 95%) were provided 95 

by Achem-Block. 1,3-dimethyl-2-phenyl-1H-benzo[d]imidazol-3-ium (BIM+, 95%) was 96 

procured from Hangzhou Bangyi Chemical Corporation. Reduced iron powder was stored 97 

under an argon atmosphere before use. 98 

Methanol, n-hexane, sodium hydroxide (NaOH), sodium borohydride (NaBH4), 99 

hydrochloric acid (HCl), and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 100 

along with liquid chlorinated compounds, including trichloroethylene (TCE), 101 

perchloroethylene(PCE), chloroform (CF), cis-1,2-dichloroethene (cis-DCE), trans-1,2-102 

dichloroethene (trans-DCE), and vinyl chloride (VC), were sourced from Aladdin (Shanghai, 103 

China). Trichloroacetic acid (TCAA) and deuterated acetic acid (AA-d4) were all obtained from 104 

Shanghai Titan Scientific Co., Ltd. Gaseous standards, including methane, ethane, acetylene, 105 

propene, propane, butylene, butane, pentene, pentane, hexene, and hexane, were provided by 106 

Dalian Special Gases Co., Ltd. Ultra-high purity nitrogen, hydrogen, and air for gas 107 

chromatography were supplied by Hangzhou Special Gases Co., Ltd. 108 

All solutions were prepared with deionized water that had been deoxygenated by bubbling 109 

nitrogen for 60 min at room temperature. 110 
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Text 2:  111 

Preparation of SiHδ–-ZVI and Si-ZVI. To synthesize SiHδ–-ZVI, 2.44 g of ZVI powder, 0.053 112 

g of sodium silicate, and 69 μL of deionized water (used as a grinding aid) were homogeneously 113 

mixed and then subjected to ball milling in a 100 mL grinding jar containing 50 zirconia beads 114 

(6 mm in diameter). The ball milling was conducted at 400 rpm for 20 hours under an argon 115 

atmosphere at room temperature. Detailed procedures of the mechanochemical process can be 116 

found in our previous publications.1-5 As a control, Si-doped ZVI (Si-ZVI) was prepared using 117 

the same method as SiHδ–-ZVI but without the addition of the grinding aid. Additionally, SiDδ–118 

-ZVI was synthesized by replacing deionized water with D2O under identical ball milling 119 

conditions, denoted as SiDδ–-ZVI. After the ball milling process was completed, the samples 120 

were collected in a nitrogen-filled glove bag and subsequently stored in an argon-filled glove 121 

box for further use. 122 

Text 3: 123 

Material Characterizations. The crystalline phases of the ZVIs were characterized by X-ray 124 

diffraction (XRD; Rigaku D/max-2200PC, Japan) using Cu Kα radiation (λ = 1.54056 Å) over 125 

a 2θ range of 20-80°. Data were analyzed by Rietveld refinement using MDI Jade 6.5 software 126 

and the ICSD database. Surface composition was analyzed by X-ray photoelectron 127 

spectroscopy (XPS; Thermo Scientific K-Alpha) and Fourier-transform infrared spectroscopy 128 

(FTIR; Thermo Scientific Nicolet iS20). XPS data were calibrated against the C 1s peak at 129 

284.8 eV and were analyzed by XPSpeak 4.1 software. FTIR spectra were analyzed using 130 

Thermo OMNIC 9.2 software. 131 



8 
 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS, IONTOF TOF.SIMS 5, 132 

Germany) was used to analyze the formation of chemical bonds on the materials. Powder 133 

samples were evenly spread on copper conductive adhesive, and a Bi3
+ ion beam was employed 134 

to bombard the samples for collecting mass spectral data, which enabled the characterization 135 

of surface chemical bonding states. 136 

Particle morphology and elemental distribution were assessed through high-angle annular 137 

dark-field scanning transmission electron microscopy (HAADF-STEM; FEI Talos F200X) 138 

equipped with energy-dispersive spectroscopy (EDS; FEI Super X, USA). The operational 139 

settings for the microscope included an acceleration voltage of 200 kV, power of 5 kW, and 140 

current of 202 μA. High-resolution transmission electron microscopy (HRTEM) images were 141 

acquired using an FEI Tecnai G2 F20. For sample preparation, ZVI powder was diluted in 142 

ethanol and sonicated for 30 minutes to ensure homogeneity, followed by deposition of a drop 143 

of the suspension onto a holey carbon-coated 300 mesh Cu TEM grid, which was then dried at 144 

room temperature. Lattice fringes extracted from HRTEM micrographs were further analyzed 145 

using DigitalMicrograph 3.2 software. 146 

The specific surface area was determined through Brunauer–Emmett–Teller (BET) 147 

nitrogen adsorption at 100 K utilizing an ASAP2460 instrument (Micromeritics, USA). 148 

The Fe0 content of the prepared ZVI particles was quantified via acid digestion. Briefly, 149 

around 10 mg of ZVI sample was dispersed in a mixed solution containing 1 mL of 37% 150 

concentrated HCl and 4 mL of deoxygenated ultrapure water, following a previously reported 151 

protocol.6 The mixture was shaken continuously for 12 h to ensure sufficient reaction. The 152 

produced hydrogen gas was subsequently analyzed using a GC-TCD system (Agilent 9790 153 
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GC). The final Fe0 content was calculated based on the stoichiometric relationship defined in 154 

Eq. S1. 155 

 Fe0 + 2H+ → Fe2+ + H2↑ (S1) 

Electrochemical properties. Electrochemical analysis, including Tafel curves, 156 

Electrochemical impedance spectroscopy (EIS), were performed using a CHI-760e 157 

Electrochemical Workstation (CHI Instruments, Chenhua, China, Shanghai) in a standard 158 

three-electrode system according previous studies.4,5,7 A glassy carbon electrode was used as 159 

the working electrode, coated with a 0.4 mm thick iron powder layer, with an effective area of 160 

1 mm2.8 Ag/AgCl served as the reference electrode, and a platinum (Pt) counter electrode. The 161 

electrolyte was 0.1 M sodium sulfate (Na2SO4). After recording the open circuit potential (OCP) 162 

for 1 hour, EIS measurements were performed at the OCP with a sinusoidal potential 163 

perturbation amplitude of 5 mV, over a frequency range of 100 kHz to 10 mHz.9,10 Finally, 164 

Tafel curve tests were carried out at a scan rate of 0.01 V/s, with a potential range of -1.2 V to 165 

-0.5 V. EIS data were fitted and analyzed via ZSimpWin 3.6 software. 166 

Text 4: Batch experiments of FF degradation. 167 

FF Degradation by ZVI, Si-ZVI, SiHδ–-ZVI and SiDδ–-ZVI. The degradation 168 

experiments of 20 ppm florfenicol (FF) were conducted by adding 0.40 g of ZVIs to 40 mL of 169 

deoxygenated HEPES buffer solution (pH 7) in 64 mL anaerobic glass bottles. The bottles were 170 

sealed with PTFE-lined caps and placed in a shaking incubator at 25 °C, operating at 30 rpm, 171 

to maintain anaerobic conditions throughout the experiment. Samples were collected at the 172 
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specified time and filtered through a 0.22 μm membrane to remove the nanohybrid for 173 

subsequent degradation product analysis. 174 

Analysis of Degradation Products. Concentrations of FF, dFF, and ddFF in filtered 175 

aqueous samples were determined using a High-Performance Liquid Chromatography (HPLC) 176 

system (Agilent 1260 Infinity Ⅱ) equipped with a UV detector set at 224 nm, according to 177 

previous studies. Chromatographic separation was achieved using an Eclipse Plus C18 column 178 

(4.6 × 100 mm) with a mobile phase consisting of methanol/water (45:55, v/v) at a flow rate of 179 

0.8 mL/min. The injection volume for each sample was 10 μL. 180 

Systematic identification of FF degradation products was performed using Ultra-181 

Performance Liquid Chromatography coupled with Quadrupole Time-of-Flight Tandem Mass 182 

Spectrometry (UPLC-Q-TOF MS/MS, Agilent 1290-6545 system).4,11 Chromatographic 183 

separation was performed on an Eclipse Plus C18 column (4.6 mm × 100 mm) with a 3 μL 184 

injection volume. A gradient elution program was employed, using 5 mM ammonium acetate 185 

in water and methanol as mobile phases at a flow rate of 0.3 mL/min. The program initiated at 186 

50% methanol, ramped to 100% methanol over 1 min, held for 3 min, returned to 50% methanol 187 

at 3.1 min, and re-equilibrated for 5 min. Mass spectrometric detection utilized electrospray 188 

ionization in negative mode with the source temperature at 300 °C and ionization voltage at 189 

2000 V. Nitrogen served as the curtain (10 Arb) and auxiliary gas (12.5 Arb). Data were 190 

acquired in enhanced MS mode across a mass range of 50-500 m/z. The acquired UPLC-Q-191 

TOF MS/MS data were analyzed using Agilent Qualitative Analysis B.07.00 software. 192 

Analysis of Dehalogenation. The concentrations of chloride (Cl⁻) and fluoride (F⁻) ions 193 

released after FF degradation for 40 days by SiHδ–-ZVI and Si-ZVI were measured by ion 194 
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chromatography (ICS-1100). Prior to analysis, supernatant samples were filtered and 195 

sequentially passed through Na-type and reversed-phase solid-phase extraction cartridges to 196 

eliminate interfering metal ions and organic macromolecules. 197 

Analysis of Silicon Leaching. To evaluate the chemical stability of the silicate shell, the 198 

concentration of dissolved silicon in the reaction solution was measured at 1, 3, 7, 10, and 20 199 

d. At each time point, an aqueous sample was collected, filtered through a 0.22 μm PES 200 

membrane, and the filtrate was digested with nitric acid at 250 °C for 1 h. After cooling, the 201 

solution was diluted to 10 mL with ultrapure water and analyzed by ICP-MS (Agilent 7900 202 

ICP-MS) under optimized conditions (RF power = 1550 W, carrier Ar flow = 1.05 L·min-1, 203 

auxiliary gas flow = 0.9 L·min-1, sampling depth = 8 mm).12 Silicon concentrations were 204 

quantified using calibration curves from standard solutions (0-1000 μg·L-1). The cumulative 205 

silicon leaching ratio was calculated based on the total silicon content in the as-prepared SiHδ−-206 

ZVI. 207 

Influence of BIM+ on FF degradation by Si-ZVI and SiHδ–-ZVI. To further clarify the 208 

mechanistic role of surface Si–Hδ– in the reductive dehalogenation process in the SiHδ–-ZVI 209 

system, quenching experiments were performed. BIM+ was used as a quencher for surface Si–210 

Hδ– and added to the reaction system to obtain a predetermined BIM⁺ concentration (0.4 mM).13 211 

HEPES buffer solution was then added to establish the reaction, followed by the addition of 212 

SiHδ–-ZVI or Si-ZVI to initiate the reaction. Except for the addition of the quencher, all other 213 

experimental procedures and reaction conditions were the same as those used in the FF batch 214 

experiments.  215 

EPR Analysis of FF degradation by Si-ZVI and SiHδ–-ZVI. To identify the carbon-216 
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centered radical intermediate formed during the dechlorination of FF by Si-ZVI and SiHδ–-ZVI, 217 

electron paramagnetic resonance (EPR) spectroscopy was performed using 5,5-dimethyl-1-218 

pyrroline N-oxide (DMPO) as the spin-trapping agent.14 Specifically, 1 g·L-1 of SiHδ–-ZVI and 219 

Si-ZVI was added to 10 mL of anoxic water (20 mL sealed vial) containing predetermined 220 

concentrations of FF, DMPO. Vials were rotated (30 rpm) at 25 ± 2 °C, with time-resolved 221 

samples collected and analyzed by EPR immediately. EPR spectra were acquired on a Bruker 222 

EMXplus-6/1 spectrometer (variable-temperature control; copper-constantan thermocouple 223 

monitoring) with settings: microwave power = 6.325 mW, modulation amplitude = 0.05 mT, 224 

modulation frequency = 100 kHz, scan time = 30 s.  225 

To further identify the structure of the spin-trapping adducts formed during the above EPR 226 

experiments, the reaction mixtures were analyzed by Ultra-Performance Liquid 227 

Chromatography-Tandem Mass Spectrometry (UPLC-Q-TOF MS/MS).15 Aliquots were 228 

withdrawn from sealed vials at designated time points, immediately filtered through a 0.22 μm 229 

membrane, and the resulting supernatants were directly injected for analysis. The analytical 230 

conditions were identical to those used for degradation product analysis. 231 

In-situ FTIR analysis of FF degradation. The reaction process of FF degradation by 232 

SiHδ–-ZVI was monitored by In-situ FTIR spectroscopy. In-situ FTIR spectra were collected at 233 

different time intervals to track the changes in functional groups during the reaction, thereby 234 

elucidating the degradation mechanism and intermediate products. Spectral acquisition was 235 

performed with a resolution of 4 cm-1 over the range of 600–4000 cm-1, and background spectra 236 

were collected beforehand for calibration. All collected FTIR spectra were analyzed using 237 

Thermo OMNIC software. 238 
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Text 5: Analysis of Si–Hδ− regeneration. 239 

In-situ Raman Spectroscopy. The regeneration of Si–Hδ− on SiHδ−-ZVI after FF 240 

degradation was monitored by in situ Raman spectroscopy (LabRAM HR Evolution, Horiba, 241 

France).16,17 SiHδ−-ZVI (0.4 g) was reacted with 20 ppm FF in H2O or D2O for 1 h. The reacted 242 

materials were then immersed in the corresponding solvent (H2O or D2O). Spectra were 243 

acquired at 0, 10, 20, 30, 40, 50, and 60 min over the range of 400–4000 cm-1, using a 532 nm 244 

excitation laser with an acquisition time of 120 s, to track the evolution of Si–Hδ−/Si–Dδ− Si–245 

OHδ+/Si–ODδ+, and the O–H stretching band. All collected Raman spectra were analyzed using 246 

Origin 2021 software. 247 

In-situ FTIR Spectroscopy. In situ Fourier transform infrared (FTIR) spectroscopy 248 

(Nicolet iS50, Thermo Fisher Scientific, USA) was performed to further probe the regeneration 249 

of Si–Hδ−. Sample preparation and reaction conditions were identical to those for in-situ Raman 250 

analysis. FTIR spectra were recorded over 400–4000 cm-1 at the same time intervals to monitor 251 

changes in Si–Hδ−/Si–Dδ−, Si–OHδ+/Si–ODδ+ and the O–H stretching band. All collected FTIR 252 

spectra were analyzed using Thermo OMNIC software. 253 

CV analysis. Cyclic voltammetry (CV) measurements were performed using a CHI-760e 254 

Electrochemical Workstation (CHI Instruments, Chenhua, China, Shanghai) in a standard 255 

three-electrode system.7,18 A glassy carbon electrode was used as the working electrode, coated 256 

with a 0.4 mm thick iron powder layer, with an effective area of 1 mm2. Ag/AgCl was used as 257 

the reference electrode, and a platinum (Pt) electrode as the counter electrode. The electrolyte 258 

was 0.1 M sodium sulfate (Na2SO4). CV measurements were conducted by scanning from 259 

different initial potentials (-0.8 to -1.05 V vs. Ag/AgCl) to a fixed upper potential of 0.4 V.19,20 260 
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All potentials were converted from the Ag/AgCl reference electrode to the reversible hydrogen 261 

electrode (RHE) scale using the following equation: 262 

 ERHE = EAg/Cl + 0.0591 * pH +0.1976 V (S2) 

where 0.1976 V corresponds to the standard potential of the Ag/AgCl electrode (saturated KCl) 263 

at 25 °C. All potentials in this work are reported in volts (V). 264 

Text 6: Batch experiments of chlorinated hydrocarbon dechlorination. 265 

In the experiment on chlorinated hydrocarbon (CHC) degradation, 0.26 g of SiHδ–-ZVI 266 

was added to a 52 mL glass bottle, following experimental conditions consistent with those 267 

previously employed for ZVI-mediated reductive dechlorination.1-3,5,7 Chlorinated 268 

hydrocarbons including TCE, CF, cis-DCE, trans-DCE, VC, and PCE were dissolved in 269 

methanol. This diluted solution was introduced into the reaction system to achieve a 270 

contaminant concentration of 100 μM. All bottles containing the solution were sealed with 271 

PTFE caps and placed in a temperature-controlled incubator rotating at 30 rpm, with the 272 

temperature maintained at room temperature (25 ± 2 °C). 273 

At predetermined time intervals, gaseous products were analyzed using an Agilent 7890B 274 

Gas Chromatograph (GC) equipped with a GS‑Q column (0.53 mm × 30 m, Agilent 275 

Technologies). The oven temperature was initially set at 50 °C and held for 7 minutes, then 276 

increased at a rate of 20 °C/min to 230 °C, where it was held for approximately 10 minutes. 277 

This temperature program achieved complete separation of alkanes, chlorinated compounds, 278 

and unreacted chlorinated hydrocarbons. These experimental conditions were designed to 279 

ensure accurate detection and analysis of the target products, thereby providing reliable data 280 

for the study.  281 
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Text 7: Calculations of electron efficiency. 282 

The generic half-reaction of CHC reductive dechlorination can be written as in Eq. S3. 283 

Several dechlorination products (e.g., methane, ethylene and ethane, etc.) are possible during 284 

its dechlorination by ZVIs, which have different values of n, m, and g (Eq. S3). By quantifying 285 

all products, the quantity of electrons utilized for TCE reduction (Ne) can be calculated using 286 

Eq. S4.6 The value of Nt (the total quantity of electrons provided by ZVI) equal the sum of the 287 

electrons used for reducing target contaminant (to all products) and those for reducing H2O 288 

(Eq. S5).21 Consequently, the εe for CHC dechlorination can be defined as Eq. S6, as described 289 

in previous studies.3,5,21-25: 290 

 chlorinated ethene + n∙e- + m∙H+ → products + g∙Cl- (S3) 

 Ne = ∑ nipii  (S4) 

 Nt = ∑ nipi
+2MH2i      (S5) 

 εe = 
∑ nipii

∑ nipii +2MH2

 (S6) 

where ni is the stoichiometry of product i from the reduction of the target contaminant and pi 291 

is the molar quantity of that product. MH2 is the molar quantity of H2 produced during the FF 292 

dechlorination. Note that each mol of H2 formed from H+/H2O requires 2 moles of electrons 293 

(H+ +2e → H2(g)). 294 

Text 8: Practical applications of SiHδ–-ZVI for groundwater remediation.  295 

Batch Experiment of TCE dechlorination in Real groundwater. In addition to HEPES 296 

buffer, TCE hydrodechlorination by SiHδ–-ZVI and ZVI was also evaluated using real 297 

groundwater collected from an industrial site in Taizhou City, Zhejiang Province, China. The 298 
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composition and physicochemical parameters of the groundwater are summarized in 299 

Supplementary Table 10. Batch experiments were conducted in this groundwater matrix using 300 

the same conditions as those employed for chlorinated hydrocarbon degradation, with the 301 

exception that HEPES buffer was replaced by the groundwater itself. Each reactor was spiked 302 

with 0.1 mM TCE, and the reaction rate was determined by fitting the TCE removal data to a 303 

pseudo-first-order kinetic model.  304 

Continuous-Flow Column Experiment in real groundwater. A continuous-flow 305 

column reactor was designed to simulate in situ groundwater remediation (Supplementary 306 

Figure 37). The operational parameters of the column experiment were determined based on 307 

reported field groundwater-remediation experiments.26,27 The column (15 cm length × 25 mm 308 

inner diameter) was packed with a mixture of quartz sand and SiHδ–-ZVI (10% SiHδ–-ZVI). 309 

Taizhou groundwater amended with 0.1 mM TCE and stored in a Teflon (FEP) bag was 310 

continuously pumped through the column at 0.05 m/d using a peristaltic pump, with a residence 311 

time of approximately 2.4 days. Effluent samples were periodically collected to monitor TCE 312 

concentration, assessing dechlorination efficiency and SiHδ–-ZVI stability under continuous-313 

flow conditions. 314 

Text 9: Batch experiment for trichloroacetic acid (TCAA) conversion to acetic-d3 acid-d  315 

In the experiment for the valorization of trichloroacetic acid (TCAA) into acetic-d3 acid-316 

d (AA-d4), the reaction system was constructed as follows: A 120 mL brown glass vial was 317 

charged with 0.6 g of SiHδ–-ZVI material and 60 mL of deuterium oxide (D2O), followed by 318 

the injection of a TCAA solution to a final concentration of 612 μM. The pH of the reaction 319 

system was then adjusted to 5.0 using H2SO4. The vial was subsequently transferred into an 320 
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anaerobic glovebox to initiate the reaction under oxygen-free conditions. Aliquot samples were 321 

taken at predetermined time points for analysis during the reaction. 322 

After 96 hours of reaction, the mixture was processed to purify the target product, AA-d4. 323 

The workup procedure consisted of an initial filtration of the reaction mixture, followed by 324 

distillation for separation and enrichment. The distillate was subjected to a second filtration to 325 

obtain the purified sample. Finally, the purified product was characterized by nuclear magnetic 326 

resonance (NMR, Bruker 400M) spectroscopy to confirm its chemical structure and purity.28 327 

NMR spectral data were analyzed using MestReNova 14.0 software. 328 

Text 10: Theoretical calculations. 329 

All density functional theory (DFT) calculations within the generalized gradient 330 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) function.29-31 Projected 331 

augmented wave (PAW) potentials32,33 were chosen to describe the ionic cores, using a plane 332 

wave basis set with a kinetic energy cutoff of 400 eV. Partial occupancies of the Kohn-Sham 333 

orbitals were allowed using the Gaussian smearing method with a width of 0.05 eV. The 334 

electronic energy was considered self-consistent when the energy change was smaller than 10-335 

5 eV. A geometry optimization was considered convergent when the energy change was smaller 336 

than 0.03 eV Å-1. The Brillouin zone integration is performed using 1 × 1 × 1 Monkhorst-Pack 337 

k-point sampling for a structure.  338 

ZVI model was employed as this developed in previous studies.34-38 The configuration of 339 

ZVI was modeled with bulk Fe (ICSD-53451) and iron oxide (ICSD-1544) surface layer, 340 

according to previous studies.34-38 For the ZVI slab, which consist of 175 Fe atoms, 50 O atoms, 341 

the bulk structure primarily comprises metallic Fe in the lower layers, while the surface is 342 
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dominated FeO. Based on FTIR spectroscopic characterization and previous studies, the Si-343 

ZVI structure was constructed by coordinating Na2SiO3 to the ZVI surface via Si–O–Fe 344 

covalent bonds in a monodentate mononuclear configuration. After geometric optimization, the 345 

Si–O bond distance of Si–O–Fe converged to 1.81 Å.  346 

The adsorption energies (Eads) of H2, H2O molecules on the Si-ZVI were calculated as 347 

using Eq. S7: 348 

 Eads = Ead/sub - Ead - Esub  (S7) 

where Ead/sub, Ead, and Esub are the total energies of the optimized adsorbate/substrate system, 349 

the adsorbate in the structure, and the clean substrate, respectively.  350 

The Gibbs free energy of the reactant, intermediates, and products in H2 heterolytic 351 

reduction on Si-ZVI was calculated using Eq. S8: 352 

 G = Eads + ZPE – TS    (S8) 

where G, Eads, ZPE and TS are Gibbs free energy, total energy from DFT calculations, zero-353 

point energy, and entropic contributions, respectively.  354 

Transition states for elementary reaction steps of H2 heterolytic reduction on Si-ZVI as 355 

well as FF reductive dechlorination and Hδ– regeneration on SiHδ⁻-ZVI were determined by a 356 

combination of the nudged elastic band (NEB) method and the dimer method.39 In the NEB 357 

method, the path between the reactant and product is d is discretized into a series of structural 358 

images. The image that is closest to a likely transition state structure was then employed as an 359 

initial guess structure for the dimer method. All atomic structure visualization and DFT 360 

calculation data analysis were completed using VASP 6.3.2 and VESTA 3.5 software.361 
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Supplementary Figures 362 

 363 

Supplementary Figure 1. Kinetics of FF degradation fitted to a first-order kinetic model by 364 

SiHδ−-ZVI under different volume of water. All measurements were performed in triplicate 365 

(n=3 independent experiments). Reaction conditions: ZVI dosage = 10 g·L-1, FF = 20 ppm, 50 366 

mM HEPES, pH 7, anoxic, T = 25 °C. 367 

 368 

The volume of deionized water added as H source was systematically optimized. Samples 369 

prepared with 0, 23, 46, 69, 92 and 115 μL water, corresponding to the Na2SiO3: H2O molar 370 

ratio ranging from 1:0 to 1:15, were evaluated based on their performance in FF degradation. 371 

The SiHδ−-ZVI synthesized with 69 µL exhibited the highest FF degradation activity; therefore, 372 

this volume was selected as optimal for subsequent material characterization and experiments. 373 

  374 
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 375 

Supplementary Figure 2. Experimental process for hydrogen content detection in 376 

mechanochemical synthesis.  377 

The experimental procedure for hydrogen quantification during mechanochemical synthesis 378 

comprised three sequential steps: mechanochemical synthesis, gas extraction, and gas 379 

chromatographic analysis. Mechanochemical synthesis was conducted in a sealed batch ball 380 

milling reactor. Gas extraction was performed using a gas-tight syringe to withdraw hydrogen 381 

from the vacuum tank. The extracted sample was then analyzed using gas chromatography to 382 

determine the hydrogen concentration.  383 
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 384 

Supplementary Figure 3. The TOF-SIMS spectra of a. SiHδ–-ZVI and Si-ZVI, and b. SiDδ–-385 

ZVI prepared by D2O.  386 
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 387 

Supplementary Figure 4. FTIR spectra of ZVI, Si-ZVI, SiHδ–-ZVI and SiDδ–-ZVI.  388 
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 389 

Supplementary Figure 5. Preparation of SiHδ–-ZVI(H2) and SiDδ–-ZVI(D2) using H2 and D2 390 

as the proton source for silicon-hydride synthesis  391 

SiHδ–-ZVI and SiDδ–-ZVI were synthesized via mechanochemical ball milling under H2 or D2 392 

atmosphere, respectively. Briefly, predetermined amounts of reduced iron powder and sodium 393 

silicate were loaded into a sealed milling jar. The jar was evacuated using a vacuum pump, 394 

followed by the introduction of 4 mL of H2 or D2 gas. Ball milling was then conducted under 395 

the corresponding gas atmosphere to obtain SiHδ–-ZVI or SiDδ–-ZVI. 396 
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 397 

Supplementary Figure 6. a. TOF-SIMS and b. FTIR spectra of SiHδ–-ZVI(H2).398 



25 
 

 399 

Supplementary Figure 7. XRD patterns of SiHδ−-ZVI, Si-ZVI and ZVI.  400 
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 401 

Supplementary Figure 8. HRTEM images of a. SiHδ–-ZVI, b. ZVI. Insets show higher-402 

magnification views of the regions marked “1” (yellow boxes), with measured lattice spacing 403 

corresponding to the Fe (110) crystal plane. 404 

 405 

The surface silicon hydride modification well preserves the core-shell structure of ZVI, with 406 

the oxide shell thickness decreasing from approximately 9 nm for pristine ZVI to 5 nm for 407 

SiHδ–-ZVI.   408 
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  409 

Supplementary Figure 9. HAADF-STEM elemental mapping of SiHδ−-ZVI: HAADF 410 

micrograph, Fe/Si/O distribution, and Fe-Si overlay.  411 
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 412 

Supplementary Figure 10. Fe0 content of ZVI, Si-ZVI, and SiHδ−-ZVI. All measurements 413 

were performed in 414 

triplicate (n=3 independent experiments).  415 
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 416 

Supplementary Figure 11. Electrochemical Characterization of SiHδ−-ZVI, Si-ZVI, and ZVI. 417 

a. Tafel polarization curves; b. Nyquist plots fitted to an equivalent circuit model comprised 418 

of electrolyte resistance (Rs), charge transfer and contact resistance (Rct) and a constant phase 419 

element (CPE). 420 

 421 

Electrochemical characterization was used to investigate the effect of SiHδ− modification on 422 

the electron transfer properties of ZVI. Tafel polarization curve analysis shows that SiHδ−-ZVI 423 

had the lowest corrosion potentials (approximately -0.83 V vs. -0.63 V for Si-ZVI; -0.83 V vs. 424 

-0.52 V for ZVI) and higher corrosion currents (approximately 0.33 μA vs. 0.30μA for Si-ZVI; 425 

0.33 μA vs. 0.26 μA for ZVI) compared with that of ZVI and Si-ZVI. Meanwhile, EIS showed 426 

that SiHδ−-ZVI had a lower charge transfer resistance (100 Ω) compared to Si-ZVI (110 Ω) and 427 

ZVI (120 Ω). These results collectively confirm that SiHδ− modification could facilitate 428 

electron emission and interfacial transfer of ZVI.  429 



30 
 

 430 

Supplementary Figure 12. Mass spectrometry data for BIM+ hydrogenation by Si-ZVI.  431 
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 432 

Supplementary Figure 13. H2 adsorption configurations on a. Si, and b. Fe sites on Si-ZVI 433 

and the corresponding adsorption energies (Eads).  434 
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 435 

Supplementary Figure 14. Energy profiles of heterolytic H2 dissociation on Si-ZVI, inclusive 436 

of side-view geometries of initial, transition (TS), and final States.437 
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 438 

Supplementary Figure 15. Kinetics of FF disappearance and formation of degradation 439 

products by a. Si-ZVI and b. ZVI. (●) FF; (●) dFF; (●) ddFF. All measurements were 440 

performed in triplicate (n=3 independent experiments). Reaction conditions: Fe0 =10 441 

g·L−1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25 °C.   442 
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 443 

Supplementary Figure 16. HPLC-MS/MS analysis of FF degradation products by 444 

SiHδ–-ZVI (20-day reaction). Chromatograms and corresponding MS2 spectra of a. 445 

dechlorinated FF (ddFF); b. the hydrolysis defluorination product of ddFF (HO-ddFF); 446 

c. the defluorination product of ddFF (ddFF-F). Right insets: Corresponding MS2 447 

spectra.  448 
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 449 

Supplementary Figure 17. Cl⁻ and F⁻ released during FF degradation by the ZVIs: a. 450 

after 20 days; b. after 40 days of reaction. All measurements were performed in 451 

triplicate (n=3 independent experiments). Data are presented as the mean ± standard 452 

deviation. Reaction conditions: Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, 453 

anoxic, T = 25 °C.  454 

 455 

SiHδ−-ZVI achieves 100% dechlorination and defluorination efficiency for FF 456 

degradation after 40 days of reaction. The complete dehalogenation confirms that the 457 

cleaved halide species do not accumulate on the material surface, and thus cause no 458 

active site poisoning or blocking.  459 
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 460 

Supplementary Figure 18. H2 evolution during FF degradation by SiHδ−-ZVI and ZVI. 461 

All measurements were performed in triplicate (n=3 independent experiments). Data 462 

are presented as the mean ± standard deviation. Inset: Electron efficiency (εe) of the 463 

ZVIs toward FF degradation.  464 
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 465 

Supplementary Figure 19. Kinetics of FF disappearance and formation of degradation 466 

products in FF degradation by a. SiHδ–-ZVI and b. SiDδ–-ZVI. (●) FF; (●) dFF; (●) 467 

ddFF. All measurements were performed in triplicate (n=3 independent experiments). 468 

Data are presented as the mean ± standard deviation. Reaction conditions: Fe0 = 10 g·L-469 

1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25 °C.  470 
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 471 

Supplementary Figure 20. Kinetics of FF degradation by a. SiHδ–-ZVI, and b. Si-ZVI 472 

with addition of BIM+ ([BIM+] = 0.4 mM). All measurements were performed in 473 

triplicate (n=3 independent experiments). Data are presented as the mean ± standard 474 

deviation. Reaction conditions: Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, 475 

anoxic, T = 25 °C.  476 
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 477 

Supplementary Figure 21. Electron paramagnetic resonance (EPR) analysis of dFF• 478 

in FF degradation by SiHδ–-ZVI and Si-ZVI with DMPO ([DMPO] = 100 mmol·L−1) 479 

as the spin-trapping agent.  480 
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 481 

Supplementary Figure 22. The identification of the carbon-centered radical 482 

intermediate generated during the FF degradation by Si-ZVI using DMPO ([DMPO] = 483 

100 mmol·L−1) as the spin-trapping agent, as evidenced by a. UHPLC/ESI-MS 484 

chromatograph, and b. the associated MS2 spectrum of protonated adduct ion [DMPO-485 

dFF + H]•+.  486 
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 487 

Supplementary Figure 23. a. Time-dependent integrated peak area, and b. temporal 488 

variation of absolute peak area of the Si–Hδ− characteristic band at 2052 cm-1 derived 489 

from in-situ FTIR spectra during FF degradation by SiHδ--ZVI (Fig. 3g).  490 
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 491 

Supplementary Figure 24. Si 2p XPS spectra of reacted SiHδ−-ZVI after SiHδ−-ZVI 492 

reaction with FF in H2O for 1 h (reacted SiHδ−-ZVI(H2O-FF)).  493 
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 494 

Supplementary Figure 25. In situ FTIR spectra of a. the reacted SiHδ−-ZVI(H2O-FF) and 495 

b. the reacted SiHδ−-ZVI(D2O-FF) regenerated in H2O and D2O, respectively.   496 
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 497 

Supplementary Figure 26. a. Raman spectra of SiHδ−-ZVI and b. the area ratios of 2-498 

HB·H2O, 4-HB·H2O, and free water at different reaction times (10, 20, 30, 40, 50, and 499 

60 min).  500 



45 
 

 501 

Supplementary Figure 27. a. Raman spectra of ZVI and b. the area ratios of 2-502 

HB·H2O, 4-HB·H2O, and free water at different reaction times (10, 20, 30, 40, 50, and 503 

60 min).  504 
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 505 

Supplementary Figure 28. Variation of residual Fe0 content in SiHδ−-ZVI during FF 506 

degradation. All measurements were performed in triplicate (n=3 independent 507 

experiments). Data are presented as the mean ± standard deviation. Reaction conditions: 508 

Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25 °C.  509 
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 510 

Supplementary Figure 29. Cumulative Si leaching percentage relative to total initial 511 

Si content of SiHδ−-ZVI during FF degradation. All measurements were performed in 512 

triplicate (n=3 independent experiments). Data are presented as the mean ± standard 513 

deviation. Reaction conditions: Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, 514 

anoxic, T = 25 °C.  515 
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 516 

Supplementary Figure 30. Degradation kinetics of chlorinated carbons by SiHδ–-ZVI 517 

and ZVI fitted to a first-order kinetic model. a. TCE, b. PCE, c. CF, d. cis-DCE, e. 518 

trans-DCE, f. VC. All measurements were performed in triplicate (n=3 independent 519 

experiments). Data are presented as the mean ± standard deviation. Reaction conditions: 520 

[Fe] = 10 g·L-1, [CHCs] = 100 μM, 50 mM HEPES buffer, pH 7.0, anoxic conditions, 521 

T = 25 °C.  522 
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 523 

Supplementary Figure 31. Degradation kinetics of other chlorinated carbons, 524 

including a. 2,4‑dichlorophenol (2,4-DCP), b. 4‑chlorophenol (4-CP), and c. 525 

4‑chloronitrobenzene (4Cl-NB), by ZVI and SiHδ–-ZVI fitted to a first-order kinetic 526 

model. d. Percent dechlorination of chlorinated carbons by ZVI and SiHδ–-ZVI. All 527 

measurements were performed in triplicate (n=3 independent experiments). Data are 528 

presented as the mean ± standard deviation. Reaction conditions: [Fe] = 10 g·L-1, 529 

[aromatic pollutants] = 100 μM, 50 mM HEPES buffer, pH 7.0, anoxic conditions, T = 530 

25 °C. 531 
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 532 

Supplementary Figure 32. a. Degradation of PFOA by SiHδ⁻-ZVI. b. Corresponding 533 

defluorination efficiency. All measurements were performed in triplicate (n=3 534 

independent experiments). Data are presented as the mean ± standard deviation. 535 

Reaction conditions: Fe0 = 10 g·L-1, PFOA = 20 ppm, 50 mM HEPES, pH 7, anoxic, T 536 

= 25 °C. 537 
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 538 

Supplementary Figure 33. Kinetics of TCE dechlorination and formation of major 539 

products by a. SiHδ--ZVI, b. Si-ZVI, and c. ZVI. d. Values of surface area normalized 540 

rate constants. e. HER activity of SiHδ--ZVI, Si-ZVI, and ZVI. f. Electron efficiency 541 

(εe) for TCE dechlorination by SiHδ--ZVI, Si-ZVI, and ZVI. All measurements were 542 

performed in triplicate (n=3 independent experiments). Data are presented as the mean 543 

± standard deviation. Reaction conditions: [Fe] = 10 g·L-1, [TCE] = 100 μM, 50 mM 544 

HEPES buffer, pH 7.0, under anoxic conditions, T = 25 °C.  545 
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 546 

Supplementary Figure 34. Comparison of TCE dechlorination by ZVI and SiHδ–-ZVI 547 

in real groundwater collected from an industrial site in Taizhou. a. Dechlorination 548 

kinetics, b. distribution of dechlorination products. All measurements were performed 549 

in triplicate (n=3 independent experiments). Data are presented as the mean ± standard 550 

deviation. Reaction conditions: [Fe] = 10 g·L-1, [TCE] = 100 μM, 50 mM HEPES buffer, 551 

pH 7.0, anoxic conditions, T = 25 °C.  552 
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 553 

Supplementary Figure 35. Hydrogen evolution in TCE degradation by ZVI and SiHδ–554 

-ZVI in real groundwater collected from an industrial site in Taizhou. All 555 

measurements were performed in triplicate (n=3 independent experiments). Data are 556 

presented as the mean ± standard deviation. Reaction conditions: [Fe] = 10 g·L-1, [TCE] 557 

= 100 μM, 50 mM HEPES buffer, pH 7.0, anoxic conditions, T = 25 °C.  558 
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 559 

Supplementary Figure 36. Si 2p XPS spectra of reacted SiHδ–-ZVI in real groundwater.  560 
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 561 

Figure 37. Photograph of the continuous-flow column experimental setup for TCE 562 

removal from real groundwater collected from an industrial site in Taizhou using SiHδ−-563 

ZVI.  564 
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Supplementary Tables 565 

Supplementary Table 1. Summary of the pseudo-first-order rate constants (d-1) for the 566 

degradation reaction of FF by SiHδ–-ZVI, Si-ZVI, and ZVI at various stages. Reaction 567 

conditions: Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25 ℃. 568 

Material 

Pseudo-first-order rate constants (d-1) 

k1 (FF→dFF) k2 (dFF→ddFF) k3 (ddFF→ddFF-F) 

SiHδ–-ZVI 66.20 ± 2.82 0.62 ± 0.04 0.028 ± 0.02 

Si-ZVI 19.13 ± 3.93 0.083 ± 0.01 / 

ZVI 13.81 ± 4.72 0.065 ± 0.01 / 

569 
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Supplementary Table 2. Specific surface areas (SA) and surface area-normalized rate 570 

constants (kSA) of SiHδ–-ZVI, Si-ZVI, and ZVI for FF degradation. Reaction conditions: 571 

Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25 °C. 572 

Material 
SA 

(m2·g-1) 

kSA (L·d-1·m-2) 

k1,SA (FF→dFF) k2,SA (dFF→ddFF) k3,SA (ddFF→ddFF-F) 

SiHδ–-ZVI 1.14 5.80 ± 2.82 0.05 ± 0.04 0.002 ± 0.02 

Si-ZVI 0.56 3.41± 3.93 0.01 ± 0.01 / 

ZVI 0.40 3.45 ± 4.72 0.01 ± 0.01 / 

573 
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Supplementary Table 3. Kinetic isotope effect (KIE) values calculated from the 574 

degradation kinetics of FF by SiHδ–-ZVI and SiDδ–-ZVI. Reaction conditions: Fe0 = 10 575 

g·L-1, FF = 20 ppm, 50 mM HEPES, pH 7, anoxic, T = 25°C. 576 

Material 

Pseudo-first-order rate constants (d-1) 

k1 (FF→dFF) k2 (dFF→ddFF) k3 (ddFF→ddFF-F) 

SiHδ−-ZVI 59.21 ± 6.82 0.64 ± 0.05 0.026 ± 0.01 

SiDδ−-ZVI 35.26 ± 3.93 0.37 ± 0.03 0.015 ± 0.02 

KIE values 1.67 1.67 1.73 

577 
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Supplementary Table 4. Inhibition rate of BIM+ on the kinetics (d-1) of FF degradation 578 

by SiHδ–-ZVI and Si-ZVI. Reaction conditions: Fe0 = 10 g·L-1, FF = 20 ppm, 50 mM 579 

HEPES, pH 7, anoxic, T = 25 ℃. 580 

Material 

Without BIM+ With BIM+ 

Inhibition rate (%) 

k1 (FF→dFF) k1 (FF→dFF) 

SiHδ−-ZVI 70.92 ± 8.39 13.02 ± 1.05 81.7% 

Si-ZVI 16.99 ± 2.45 15.97 ± 2.19 6.1% 

581 
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Supplementary Table 5. Relative contents of Si–Hδ−and Si-O species in the Si 2p XPS 582 

spectra of fresh SiHδ−-ZVI and that after 1 h reaction with FF. 583 

Materials Si–Hδ− (99.2 eV) Si–O (101.4 eV) 

SiHδ−-ZVI 16.3 83.7 

Reacted SiHδ−-ZVI 15.3 84.7 

  584 
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 Supplementary Table 6. Degradation kinetics and fold enhancement of chlorinated 585 

hydrocarbons by SiHδ–-ZVI relative to ZVI (see Supplementary Figure 33 for kinetic 586 

profiles). 587 

  588 

Chlorinated 

hydrocarbons  

kobs,TCE (d-1) kSA (L·d-1·m-2) Enhancement 

ratio (Rkobs) SiHδ–-ZVI ZVI SiHδ–-ZVI ZVI 

TCE 2.52 0.07 0.22 0.02 36.00 

PCE 0.92 0.04 0.08 0.01 23.00 

CF 1.20 0.25 0.11 0.0625 4.80 

cis-DCE 16.90 0.28 1.48 0.07 60.35 

trans-DCE 21.67 0.39 1.90 0.10 55.56 

VC 6.06 0.41 0.53 0.10 14.78 
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Supplementary Table 7. Comparative degradation rates of chlorinated hydrocarbons 589 

by SiHδ−‑ZVI and S-ZVI. 590 

  591 

Chlorinated 

hydrocarbons 

SiHδ–-ZVI S-ZVI 
Data 

Source kM  

(h-1·g-1·L) 

kSA 

(L·h–1·m–2) 

kM 

(h-1·g-1·L) 

kSA 

(L·h–1·m–2) 

PCE 0.003 0.002 0.001 0.0009 

Wu40/Gu23 

TCE 0.01 0.0087 0.021 0.014 

trans-DCE 0.09 0.078 0.004 0.003 

cis-DCE 0.07 0.061 0.0005 0.0004 

VC 0.025 0.021 0.0004 0.0004 
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Supplementary Table 8. Theoretical electron consumption for the conversion of 1 592 

mol of TCE to various products via reductive dechlorination. 593 

Reactant Product Number of required electrons 

TCE 

Methane 5 

Ethylene 6 

Acetylene 4 

Ethane 8 

Propene 6 

Propane 7.3 

Butene 6 

Butane 7 

Pentene 6 

Pentane 6.8 

Hexene 6 

Hexane 6.7 

594 
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Supplementary Table 9. Electron efficiency (εe) TCE degradation by SiHδ–-ZVI, Si-595 

ZVI, and ZVI after 24 h of reaction (see Supplementary Figure 33 for experimental 596 

data).  597 

Material εe (%) 

SiHδ–-ZVI 4.03 

Si-ZVI 0.72 

ZVI 0.59 

598 
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Supplementary Table 10. Compositional and physicochemical parameters of real 599 

groundwater collected from an industrial site in Taizhou. 600 

Parameters Concentration (μg·L-1) 

Ca2+ 58440 

Mg2+ 143670 

Na+ 777435 

TOC 567400 

CO3
2- 681000 

TCE 115 

Hg 7.03 

Pb 50.67 

Cr(Ⅵ) 150 

As 98 

601 
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Supplementary Table 11. Effluent concentrations of TCE, arsenic (As) and hexavalent 602 

chromium (Cr (VI)) during the column experiment for TCE removal in real 603 

contaminated groundwater collected from an industrial site in Taizhou using SiHδ–-ZVI. 604 

Parameter  

Time (d) 
TCE (μg·L-1) As (μg·L-1) Cr (μg·L-1) 

1 0 1.74 1.24 

2 0 1.85 3.43 

3 0 2.21 2.81 

4 0 2.17 3.76 

5 0 1.96 3.14 

6 0 2.05 2.14 

7 0 1.77 1.75 

8 0.01 2.13 3.87 

9 0.02 2.31 4.24 

10 0.02 2.44 3.59 

  605 
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Supplementary Table 12. The manufacturing cost of SiHδ−-ZVI and other ZVI (per 606 

ton). 607 

a: Other costs include transportation and storage costs.608 

Material Feed stock ($/ton) 
Manufacturing 

expenses ($/ton) 

Other 

cost 

($/ton)a 

Total cost 

($/ton) 

SiHδ−-

ZVI 

mZVI Na2SiO3 H2O 
1000 500 1899.2 

386.67 10.7 1.83 

S-nZVI22 
FeCl3 NaBH4 Na2S2O4 

84.09 / 17412.51 
417.2 16688.7 222.52 

TGme 

-mZVI8 

mZVI TG 
1000 500 1907.31 

386.67 20.64 

Strained-

mZVI41 

mZVI B2O3 
1000 500 1956.67 

386.67 70 
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Supplementary Table 13. The price of commercial nZVI (per ton).41 609 

nZVI Product name Manufacturer Total cost ($/ton) 

nZVI 
Reactive nanoscale iron 

particles 
Toda Kogyo Corp., Japan 80000 

nZVI NANO FER 
NANO IRON s.r.o., 

Czech Republic 
140000 

nZVI Nanoscale iron 
Macklin Biochemical 

Co., Ltd, China 
1500000 

  610 
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