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Enhancing the electrochemical reduction-recovery of trace-level gold(I) in thiosulfate media is essential 
for advancing environmentally friendly, cyanide-free hydrometallurgical technologies. In this work, wal-
nut shell charcoal (WSC) was modified using various ferric compounds to enhance its performance as an 
electrode. Ferric modification led to stable surface coating which significantly improved electrical con-
ductivity and electrochemical behavior by increasing the specific capacitance and reducing the charge 
transfer resistance during gold(I) recovery. Among the different ferric precursors tested, ferric sulfate 
(Fe2(SO4)3) modification exhibited the most outstanding performance, increasing the reduction capacity 
from 36.52 mg/g (pristine WSC) to 97.70 mg/g, a 2.67-fold enhancement. Under optimized electrochem-
ical conditions, this modified electrode achieved a 95.72% recovery for trace gold(I) (5 mg/L), significantly 
outperforming electrodes modified with FeCl3. Systematic experiments and material characterizations
revealed that Fe2(SO4)3 modification led to the formation of surface-bound sulfate groups and oxygen-
rich functional sites, which enhance the adsorption affinity toward gold species and facilitated pre-
concentration near active centers. Moreover, density functional theory (DFT) simulations confirmed
strong interactions between sulfur-derived oxygen atoms and gold(I), contributing to the improved
recovery. Chloride from ferric chloride also showed ability to coordinate with oxygen atoms, contributing
to a moderate recovery. These results collectively highlight the importance of ferric source selection in
optimizing carbon-based electrodes for noble metal recovery, providing a promising strategy for sustain-
able hydrometallurgical processes.

© 2026 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open 
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

Gold is a valuable metal primarily extracted from ores and elec-
tronic waste [1,2]. Hydrometallurgical processes [3,4] are com-
monly employed to dissolve gold from solid phases into aqueous 
solutions. Among these methods, cyanide leaching is widely used
in industrial applications [5,6]. However, the high toxicity of cya-
nide [7,8] poses significant environmental and safety concerns. 
Therefore, the development of environmentally friendly and sus-
tainable leaching methods is an urgent priority. Thiosulfate leach-
ing [9–11] has emerged as one of the most promising alternatives 
due to its non-toxic nature and rapid leaching kinetics. Neverthe-
less, a major challenge hindering its widespread applications is
the efficient recovery of gold from low-concentration solutions
[12,13]. In practical industrial scenarios, such as the processing of 
refractory gold ores or the recycling of electronic waste, gold con-
centrations in the leaching solutions or residual streams can be sig-
nificantly dilute. For instance, residual concentrations of invisible
gold in pyrite and arsenopyrite grain centers are often less than
1–5 mg/L [14]. Addressing this issue is crucial for advancing the 
practical implementation of thiosulfate-based gold extraction
technologies.

To date, various conventional methods, including ion e xchange
[15,16], precipitatio n [17], adsorptio n [18–20], and electrodeposi-
ti on [21], have encountered challenges such as weak interactions 
with Au(S2O3)2 

3– , poor material stability, high costs, and low recov-
ery. In a previous work, an electrochemical r eduction-recovery
approach [22,23] was proposed for recovering Au(S2O3)2 

3− . This 
method not only enables the efficient recovery of gold(I) but also 
facilitates their direct reduction to elemental gold. This approach 
has the potential to streamline industrial gold recovery processes
by reducing the required treatment steps.
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Among the electrode materials used, carbon electrodes [24,25] 
have advantages such as low cost and high specific surface area, 
making them effective for recovering gold(I). Through appropriate
thermal and chemical treatments, walnut shells [26] can be trans-
formed into biochar materials exhibiting favorable adsorption per-
formance. Due to their wide availability and cost-effectiven ess,
walnut shells serve as an abundant raw material for biochar pro-
duction, particularly in China [27,28]. Previous research [29] has 
demonstrated that this electrode material owned efficient gold(I) 
recovery to a certain extent, with the primary active sites originat-
ing from its instinct nature.

To further enhance the gold(I) recovery performance of walnut
shell charcoal (WSC) electrodes, surface modification [30–32] is a 
crucial strategy to optimize the interactions between electrodes 
and targeted ions. Among various transition metals, iron (Fe) 
stands out as a superior modification reagent due to its excellent 
biocompatibility and environmental friendliness, aligning with 
the goals of green hydrometallurgy. Unlike copper, which tends
to react with thiosulfate to form precipitates or consume leaching
reagents, iron species can be stably anchored onto the carbon sur-
face through Fe―C bonds or Fe―O species [33,34]. Crucially, the 
performance of iron-modified carbon is not solely dependent on 
the Fe cation itself, but is significantly governed by the synergistic 
effect between iron and its coordinated ligands (such as sulfur,
chloride, or oxygen groups). While previous studies have explored
iron-containing adsorbents for general pollutant removal [35,36], 
the comparative influence of different ferric precursors on the elec-
trochemical reduction-recovery of trace gold(I) remains poorly
understood.

In this work, we systematically investigate a series of Fe (III)-
containing precursors (Fe2(SO4)3, FeCl3, and Fe(NO3)3) to modify 
WSC. We aim to elucidate how different anion-coordinated envi-
ronments dictate the adsorption affinity and charge transfer resis-
tance during the gold(I) recovery process. By combining
experimental optimization with DFT simulations, this study
reveals the unique mechanism of sulfate-mediated pre-
concentration, providing a novel strategy for high-efficiency noble
metal recovery.
2. Materials and methods

2.1. Reagents 

A stock solution of chloroauric acid (HAuCl4, 1000 mg/L) was 
procured from Well Group Scientific Ltd., USA. Ammonium thiosul-
fate ((NH4)2S2O3) was sourced from Sigma-Aldrich (Shanghai, 
China). Vinylidene fluoride (F2H2F2) was supplied by Alfa Aesar 
(China). Conductive carbon black was provided by Suzhou Sinero 
Technology Co., Ltd. (China). All other analytical-grade reagents
were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China) and used as received. Ultrapure water with a resistivity
of 18.2 MX cmwas generated using a Millipore purification system
(France).

2.2. Preparation of WSC materials

The preparation of WSC followed the procedure outlined in the
previous work [29]. First, walnut shells were ground into fine pow-
der using a pulverizer, followed by sieving to obtain the desired 
particle size. The sieved product was then placed in an alumina 
boat and subjected to pyrolysis in a tube furnace under a nitrogen 
atmosphere at a specific temperature for 60 min. After cooling, the
obtained carbonized material was dispersed in an ethanol solution
under stirring, then washed multiple times with deionized water.
Finally, the sample was freeze-dried to obtain the WSC. The syn-
904
thesized products were designed as WSCX, where X represents
the carbonization temperature.

2.3. Preparation of Fe (III)-WSC materials

The modify WSC with Fe2(SO4)3, the obtained WSC samples 
were immersed in an Fe2(SO4)3 solution at a solid-to-liquid ratio 
of 10:1. The mixture was subjected to ultrasonic treatment at 
30 °C for 2.5 h. After modification, the products were repeatedly 
rinsed with ultrapure water to remove residual species, followed
by drying at 110 °C for 12 h. The obtained samples were denoted
as (Fe2(SO4)3) Y-WSC, where Y represents the concentration of
Fe2(SO4)3.

To investigate the effect of different ferric sources, the same 
modification procedure was applied using alternative ferric pre-
cursors, such as FeCl3 and Fe (NO3 )3. The corresponding modified
materials were denoted as FeCl3-WSC and Fe (NO3)3-WSC,
respectively.

2.4. Electrodes fabrication

Electrodes were fabricated by coating titanium plate as before
[37]. Titanium plates were selected as the conductive substrate 
owing to its excellent stability and resistance to strong acids and 
alkalis. The as-prepared material was blended with conductive car-
bon black and polyvinylidene fluoride as a mass ratio of 8:1:1, and 
manually ground to obtain homogeneous electrode slurry. The 
mixture was then dissolved in dimethylacetamide solvent to form 
a homogeneous slurry. A titanium plate was selected as the sub-
strate for coating. The coated electrode was then placed in an oven
at 60 °C and heated for at least 60 min. After drying, the electrode
was immersed in deionized water for 12 h to remove residual sol-
vents, followed by an additional drying step at 60 °C for 6 h before
use.

2.5. Electrochemical reduction-recovery of gold(I)

The Au(S2O3)2 
3− complex solution was prepared by reacting 

HAuCl4 with Na2S2O3 in deionized water. A molar excess of thiosul-
fate (Au: S2O3 

2− = 1:4) was employed, where S2O3 
2− acts as both a 

reducing agent and a complexing ligand. To ensure stability, the
pH was adjusted to 10.0 using NaOH to confirm Au(S2O3)23− is the
predominant species under these alkaline and reductive conditions
[38,39]. Subsequently, the prepared electrodes were immersed in 
an electrolytic cell containing the Au(S2O3)2 

3− solution. The cell 
was connected to a peristaltic pump operating at 50 r/min to 
ensure continuo us circulation. At selected time points, aliquots
(2.5 mL) were withdrawn, filtered through a 0.22 lm membrane,
and analyzed for gold concentration using atomic absorption spec-
troscopy (AAS).

Re 
C0 Ct V0 V t

m
1

Re 
C0 Ct 

C 0
100 2

where and refer to the gold concentration at the initial time 
and at time t, respectively, mg/L; and the solution volumes 
at the same time points, L; and the mass of the coating material,
mg.

2.6. Electrochemical characterizati on

Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), and linear sweep voltammetry (LSV) were performed
on a VersaSTAT-450 using a conventional three-electrode

C0 Ct 

V0 Vt 

m 
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ig. 1. XRD patterns of Fe2(SO4)3-WSC prepared at different synthesized
emperatures.
configuration, in which a platinum served as the counter electrode. 
The reference electrode was a Hg/HgO electrode (1 M KOH). The 
working electrode consisted of a titanium plate (1 cm2 ) with a 
single-sided material coating. The electrochemical tests were per-
formed in two different electrolyte solutions, 1 M Na2SO4 solution 
and 5 mg/L Au(S2O3)23– solution. For EIS measurements, the fre-
quency ranged from 0.01 Hz to 10,000 Hz. The EIS data was fitted
with an equivalent circuit. The charge transfer resistance was
specifically monitored to evaluate the electrochemical activity of
various modified electrodes toward gold(I) reduction.

2.7. Contact angle tests

A 1 g sample of prepared materials was compressed into a disc 
under a pressure of 18 MPa. The contact angle of the materials sub-
sequently measured using a JC2000DM contact angle measure-
ment system.

2.8. Material characteri zations

Phase structures were identified by X-ray diffractometer (D8 
Advance, Bruker AXS, Germany) using CuKa radiation. Surface 
functional groups of the materials were characterized using an 
FTIR spectrometer (Nicolet 6700, Thermo Scientific, USA) over a 
range of 4000–400 cm−1 . Microstructural morphology was con-
ducted using a Phenom ProX G6 SEM (Netherlands) and an FEI Tec-
nai G2 F20 field-emission TEM (USA). Elemental chemical states
were analyzed by XPS spectroscopy (k-Alpha, Thermo Scientific,
USA). The gold and ferric concentrations in the filtrate were mea-
sured using an Agilent 280AA spectrometer (G8434A, USA).

2.9. DFT calculations

The interactions between gold(I) and different ferric com-
pounds were investigated using DFT calculations performed with 
the CASTEP module. Generalized gradient approximation (GGA) 
with PW91 exchange–correlation functional was employed. Calcu-
lations were conducted under periodic boundary conditions using 
a cubic supercell with dimensions of 20 × 20 × 20 Å3, providing
sufficient vacuum space to eliminate periodic interactions. A
plane-wave cutoff energy of 370 eV was applied. The self-
consistent field (SCF) procedure utilized the Pulay density mixing
method to achieve convergence.
3. Results and discussion

3.1. Microstructure and chemical compositions

Various WSC prepared at different synthesized temperatures 
were all modified by Fe2(SO4)3 to reveal the role of modification 
inside. Phase structure s of Fe2(SO4)3-WSC after multi-times wash-
ing were characterized by X-ray diffraction (XRD) in Fig. 1. The 
peaks located at ∼25° and 43° in all the prepared materials are 
originated from the characteristic amorphous structure of carbon, 
while others at ∼13°,  19°,  25°,  26°,  27°,  29°,  36°,  38°,  39° respec-
tively represented (1 0 1), (0 1 2), (2 1 1), (−2 0 2), (−1 1 3), (1 2
2), (3 1 1), (−2 0 4), (2 3 1) of Fe2(SO4)3 (JCPDS 71-0148)[40], which 
demonstrates the successful modification on WSC using Fe2(SO4)3.

To analyze the chemical composition of Fe2(SO4)3-WSC, XPS 
was performed. Fig. S1 presented the full-spectrum XPS scan, 
where distinct absorption peaks are observed at binding energies 
of ∼712.9, 532.1, 407.8, 285.2, and 169.2 eV, corresponding to Fe
2p, O 1s, N 1s, C 1s, and S 2p, respectively. This indicates that the
Fe2(SO4)3-WSC is primarily composed of these elements. Fig. 2a 
displays the high-resolution C 1 s spectrum, where peaks
905
F
t

at ∼292.3, 285.8, and 284.3 eV corresponded to C==O, C―O, and 
C―C bonds, respectively, which originates from the common func-
tions in carbon materials [41]. The O 1s spectrum in Fig. 2b exhibits 
a peak at ∼531.1 eV, which is attributed to C―O bonding [42].  In
the S 2p spectrum (Fig. 2c), the peaks at ∼169.1 and 168.0 eV cor-
responded to S 2p1/2 and S 2p3/2 of Fe2(SO4)3, respectively [43]. 
Finally, Fig. 2d presents the Fe 2p spectrum of Fe2(SO4)3-WSC, 
revealing that Fe primarily exists in the trivalent oxidation state 
(Fe3+ ), and part in divalent Fe (Fe2+), which originates from the
Fe2(SO4)3 [44]. The presence of additional peaks confirms the exis-
tence of Fe–O bonds, indicating that Fe likely interacted with O
[45] in the WSC. The XPS analysis results were consistent with 
those from XRD, confirming successful modification of WSC with
Fe2(SO4)3.

3.2. Morphology and elemental states

To investigate the morphology of Fe2(SO4)3-WSC, scanning elec-
tron microscope (SEM) was applied. Before modification, the sur-
face (Fig. 3a) appears relatively smooth with larger, more 
compact structures. After modification, the surface of Fe2(SO4)3-
WSC (Fig. 3b) become rougher and more porous, with fine granular 
structures distributed across the material, indicating successful 
modification. The embedded EDS pattern confirms that the surface 
of WSC is primarily composited of C element. After Fe2(SO4)3 mod-
ification, O, Fe, and S elements are uniformly distributed across the
surface of the WSC, while the C content is relatively lower. This
indicates that the surface modification with Fe2(SO4)3 is
predominant.

With the aim of revealing the further microstructure on 
Fe2(SO4)3-WSC morphology, high-resolution transition electron
microscope (HRTEM) was used. In Fig. 4,  Fe2(SO4)3-WSC exhibits 
distinct morphological structures, including the presence of crys-
talline structure. Meanwhile, a lattice spacing of ∼0.6 nm interlayer 
spacing is detected, suggesting a layered water-retaining structure
rather than pure anhydrous Fe2(SO4)3.

3.3. Electrochemical reduction-recovery of gold(I) by Fe 2(SO4)3-WSC

Electrochemical reduction-recovery performances of gold(I) by 
Fe2(SO4)3-WSC were carried out, illustrated in Fig. 5. It is observed 
that the reduction capacity (Fig. 5 a)  of  Fe2(SO4)3-WSC electrodes 
increases substantially, generally ranging from 1.5 to 2.0 times 
higher than that of the unmodified WSC electrodes. Except reduc-
tion capacity, WSC400 electrodes achieved a recovery of only 69.9%, 
after modification, Fe2(SO4)3-WSC400 electrodes exhibits significant

move_f0015
move_f0020
move_f0025


S. Song, W. Zhan, Q. Weng et al. International Journal of Mining Science and Technology 36 (2026) 903–915

Fig. 2. XPS high-resolution spectra of Fe2(SO4)3-WSC.

Fig. 3. SEM images and corresponding EDS mappings of WSC and Fe2(SO4)3-WSC.
improvements (increased to 82.8%) (Fig. 5b). Moreover, all 
Fe2(SO4)3 modified WSC electrodes shows an increased recovery
compared with WSC electrodes without modification. Among
906
them, WSC carbonized at 500 °C (whether modified or not) exhib-
ited the highest gold(I) recovery performance, which is consistent 
with the previous findings [29]. This optimal performance at
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Fig. 4. HRTEM images of Fe2(SO4)3-WSC.
500 °C is primarily attributed to the balance between surface 
chemistry and structural integrity. It can be concluded that the
Fe2(SO4)3 modification method is applicable to WSC at different
temperatures.

Fig. 6a presents the electrochemical reduction-recovery perfor-
mances of Fe2(SO4)3-WSC for gold(I) at different initial concentra-
tions. As observed from the results, the Fe2(SO4)3-WSC exhibits a 
stable and efficient electrochemical reduction-recovery effect 
across the concentration range of 1–10 mg/L. Besides, the reduc-
tion capacity and recovery increase with the initial gold(I) concen-
tration, confirming the material’s strong potential for practical
applications. The effect of different pH values on the electrochem-
ical reduction-recovery of gold(I) was investigated (Fig. 6b). The 
electrochemical reduction-recovery performance of gold(I) is opti-
mized within the pH range of 8 to 10. However, when the pH
exceeds 10, the reduction capacity and recovery decline. One pos-
907
sible reason is that at higher pH levels, OH– in the solution com-
petes with Au(S2O3)2 

3 − for active sites on the Fe2(SO4)3-WSC
electrodes [29]. Additionally, excessive pH adversely affects the 
modified WSC itself, further reducing the electrochemical
reduction-recovery efficiency of gold(I).

Subsequently, we examined the influence of operational param-
eters on the electrochemical reduction-recovery of gold(I). Fig. 6c 
presents the electrochemical reduction-recovery performances of 
gold(I) using Fe2(SO4)3-WSC electrodes at different electrode spac-
ings. Both the recovery and reduction capacity exhibited at initial 
increase followed by a decline. When the electrode spacing was 
2 nm, the recovery reached 92.3%. At 5 mm, both recovery and 
reduction capacity peaked at 96.1% and 119.1 mg/g, respectively. 
This phenomenon is primarily attributed to the extended migra-
tion path of Au(S2O3)2 

3− and the increased resistance of the elec-
trolyte. This reduced driving force, coupled with increased
internal resistance, slows down the migration rate of Au(S2O3)23–

toward the electrode surface, thereby leading to decreased. Fur-
ther, the effect of applied voltage on electrochemical reduction-
recovery performance of gold(I) using Fe2(SO4)3-WSC electrodes
is studied (Fig. 6d). Without voltage, the recovery of gold(I) 
remains negligible, primarily relying on slow passive adsorption. 
Upon the application of voltage, the migration of gold(I) within 
the electric field is significantly accelerated. The recovery perfor-
mance increases proportionally with the voltage until reaching 
an optimum at 1.2 V. At this critical threshold, the driving force 
of electrostatic interactions effectively overcomes the steric resis-
tance and volume repulsion within the microporous structure of 
electrodes. Consequently, ions begin to accumulate rapidly within
the pores, inducing the formation of surface charges on the internal
pores. These enhanced surface charges create a positive feedback
loop, attracting a greater density of gold(I) into the active sites,
thereby maximizing the recovery capacity. However, when the
voltage was further increased to 1.6 V, the occurrence of side reac-
tions, particularly water electrolysis, lead to an increased ion con-
centration, resulting in a slight decrease in recovery performances.

3.4. Microstructure of Fe2(SO4)3-WSC after gold(I) recovery

TEM analysis was conducted to investigate the morphology of 
Fe2(SO4)3-WSC electrodes after the electrochemical reduction-
recovery of gold(I). As observed in Fig. 7, small particles are present 
on the surface of the recovered Fe2(SO4)3-WSC. To further analyze 
the elemental composition of these particles, an EDS analysis was
performed (Fig. 8). The results show that C, O, S, and Fe were uni-
formly distributed on the Fe2(SO4)3-WSC’s surface, while gold is 
exclusively found in the small particles, suggesting that they con-
sist of the recovered gold. To confirm the structural nature of these 
gold particles, more TEM images and HRTEM were employed. The 
lattice spacing of the small particles was measured to be 0.24 nm,
corresponding to the (111) crystal plane of metallic gold. This con-
firmed that Au(S2O3)23– was reduced and recovered in its metallic
form on the Fe2(SO4)3-WSC electrodes.

XPS analysis was conducted on Fe2(SO4)3-WSC electrodes after 
gold(I) recovery. Fig. 9 a presents the full-spectrum scan, where dis-
tinct absorption peaks are observed at binding energies of ∼713.1, 
531.1, 285.2, 164.7, and 88.7 eV, corresponding to Fe 2p,  O  1s,  C  1s, 
S  2p and Au 4f, respectively. This indicates that the primary ele-
mental composition of Fe2(SO4)3-WSC electrodes remains 
unchanged after gold(I) recovery. Additionally, the presence of gold 
elements detected on the recovered electrodes confirms the suc-
cessful recovery of gold(I). Fig. 9 b displays the C 1s spectrum, with 
peaks assigned to C==O, C―O, and H―O bonds. Similarly, Fig. 9 c
presents the O 1s spectrum, showing peaks corresponding to 
C==O, C―O, and H―O bonds. The S 2p (Fig. 9 d) and Fe 2 p
(Fig. 9 e) spectra further confirm the presence of Fe2(SO4)3, demon-
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Fig. 5. Reduction capacity and recovery of gold(I) by WSC electrodes before and after Fe2(SO4)3 modification.

Fig. 6. Effects of initial gold(I) concentration, pH, Electrodes-distance, and applied voltage on gold(I) recovery by Fe2(SO4)3-WSC electrodes.
strating that the elemental composition remains largely 
unchanged compared to its pre-reaction state. The consistency in 
the peaks across these spectra suggests no significant alterations
occurred, indicating that the primary reduction reaction predomi-
nantly driven by the applied voltage. Fig. 9f presents the Au 4f
908
spectrum, where peaks at ∼87.4 and 83.8 eV correspond to metallic 
gold, confirming that Au(S2O 3)23– was reduced to its metallic form
during the recovery process [46]. This result aligns with the TEM 
findings, further demonstrating the successful electrochemical
reduction of gold(I) to elemental gold.
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Fig. 7. TEM images of Fe2(SO4)3 -WSC electrodes after gold(I) recovery.

Fig. 8. TEM image and corresponding EDS mappings of Fe2(SO4)3-WSC electrodes after gold(I) recovery.
3.5. Mechanism for improved electrochemical reduction-recovery of
gold(I)

To investigate the electrochemical reduction-recovery of gold(I) 
using Fe2(SO4)3-WSC electrodes, electrochemical behaviors were
tested in a gold-containing solution. The CV results (Fig. 10a) reveal 
a reduction peak appearing between −0.6 and −0.2 V, confirming 
the reduction of Au(S2O3)2 

3– into metallic gold. The enclosed area 
in CV curve is closely related to the specific capacitance and reduc-
tion performances, where a larger area indicates stronger reduc-
tion capability. It is evident that the Fe2(SO4 )3 modified WCS
exhibits significantly larger specific capacitance compared to
WSC, demonstrated its enhanced reduction performance. Addi-
tionally, through LSV results (Fig. S2), higher electrochemical
reduction is observed after Fe2(SO4)3 modification in WSC. EIS
was employed to assess charge transfer resistance [47], where a 
smaller semicircle in the Nyquist plot corresponds to lower elec-
tron transfer resistance. As shown in Fig. 10b,  Fe2(SO4)3 modifica-
tion enhances the electron transfer rate, facilitating the
electrochemical reduction reaction.

A similar phenomenon of Fe2(SO4)3-WSC electrodes was 
observed in the Na2SO4 solution system (Fig. 10c, d), further con-
firming that Fe2(SO4)3 modification improves the electrode’s elec-
trochemical double layer capacitance (EDLC) performance,
thereby strengthening its electrochemical reduction capabilities.
909
In addition, the CV curve of Fe2(SO4)3-WSC exhibits a more rectan-
gular shape, indicating enhanced ion transport and adsorption 
capabilities. This suggests that Fe2(SO4)3 modification improves
the electrode’s capacitive behaviors, facilitating more efficient
electrochemical reduction-recovery of gold(I).

The contact angle is another key factor influencing the reaction 
rate. A smaller contact angle indicates a higher surface wettability, 
facilitating faster interactio ns between the material and hydrophi-
lic ions. Contact angle measurements reveal that Fe2(SO4)3-WSC
(Fig. 11a) exhibited a significantly lower contact angle compare d
to the unmodified WSC (Fig. 11b). After 8 min, the contact angle 
reaches zero, indicating superior hydrophilicity, which is highly
favorable for the electrochemical reduction-recovery of gold(I).

3.6. Effect of Fe2(SO4)3 contents on gold(I) recovery

To further evaluate the impact of Fe2(SO4)3 dosages in 
Fe2(SO4)3-WSC electrodes on the gold(I) recovery performances, 
we systematically investigated the influence of varying Fe2(SO4)3 

dosages on the recovery performances. First, FTIR was used to ana-
lyze the functional group structures of WSC m odified with varying
Fe2(SO4)3 concentrations (Fig. 12 a). The vibrational peak 
at ∼3443 cm−1 primarily originates from hydrogen-bonded surface 
–OH groups, while the peak at ∼3234 cm−1 is likely attributed to 
N―H vibrations from ammonia. After modification, multiple peaks
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Fig. 9. XPS spectra of Fe2(SO4)3-WSC electrodes after gold(I) recovery.

Fig. 10. CV and EIS curves of WSC electrodes with and without Fe2(SO4)3 modification in Au(S2O3)23– and Na2SO4 solutions.

910
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Fig. 11. Contact angles tests of WSC and Fe2(SO4)3-WSC electrodes.

Fig. 12. FTIR spectra, electrochemical reduction-recovery performances of various Fe 2(SO4)3 dosages modified WSC electrodes.
emerge at ∼796 and 610 cm−1 associated with m3 (SO4
2–) vibrations

[48]. The vibrational peak around 485 cm−1 corresponds to Fe―C, 
indicating the bonding between Fe and WSC. These results confirm 
the formation of Fe2(SO4)3 after modifications. From the FTIR spec-
tra of WSC modified with different Fe2(SO4)3 concentrations, a
noticeable redshift was observed as the Fe2(SO4)3 concentration
increased. This shift may be attributed to the strengthened interac-
911
tions between Fe2(SO4)3 and the molecular structure of WSC, lead-
ing to a decrease in bond vibration frequency.

As for the recovery of gold(I) using WSC modified with different 
Fe2(SO4)3 concentrations, the results are shown in Fig. 12 b. When 
the Fe2(SO4)3 concentration used for modification was 0.2 M, the 
recovery of Au(S2O3)2 

3– increased significantly. With further 
increases in the Fe2(SO4)3 concentration, the recovery continued
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to improve and then declined a little, indicating that excessive 
Fe2(SO4)3 doping does not contribute significantly to further per-
formance enhancement. To assess the material’s stability, AAS 
was used to analyze the iron concentration in all post-reaction
solutions. The results demonstrated that there was almost no iron
leaching into the solution, confirming the stability of the modified
material.

The electrochemical performances of WSC modified with differ-
ent concentrations of Fe2(SO4) 3 was evaluated. Except for the mod-
ified WSC in Fig. 10a, the CV curves of WSC modified with different 
Fe2(SO4)3 concentrations in the gold(I) solution system are shown 
in Fig. S3. All curves exhibit reduction peaks, confirming the reduc-
tion of gold(I) to metallic gold during the recovery process. With
the aim of analyzing the capacitive reduction performances, the
specific capacitance (C, F/g) of electrodes was calculated using CV
by integrating the discharge current, as expressed in Eq. (3): 

C 
IdV 

2mvD V 3

where represents the discharge current, A; the loading mass of 
active material on the working electrode, g; the scan rate, mV/s;
and the applied potential window, V.

The specific capacitive performances are shown in Fig. 13a.  As
the Fe2(SO4)3 concentration increased, the specific capacitance ini-
tially increased and then decreased, reaching its peak at 0.4 M. This 
indicates that excessive Fe2(SO4)3 adding may alter the pore struc-
ture or interfere with the intrinsic active sites of WSC. Similarly, an
appropriate Fe2(SO4)3 concentration reduced the charge transfer
resistance (Figs. S4 and 13b), facilitating the electrochemical
reduction-recovery of gold(I).

3.7. Effect of various ferric sources on gold(I) recovery

To investigate the impact of Fe2(SO4)3 adding on electrochemi-
cal reduction-recovery of gold(I), we examined various ferric 
sources (Fe(NO3 )3 and FeCl3) to determine whether iron ions play
a role in the process. Fig. 14a presents the XRD patterns of WSC 
modified with Fe(NO3)3 and FeCl3. FeCl3-WSC retained characteris-
tic peaks corresponding to FeCl3, whereas the Fe(NO3)3-WSC 
exhibited almost no identifiable peaks related to Fe(NO3)3. The 
peaks at ∼16.0°, 20.8°, 32.6°, 35.6°, and 55.9° correspond to the 
(0 0 3), (0 1 2), (1 1 3), (0 2 1), and (1 0 1 0) crystal planes of FeCl3,
respectively. This suggests that Fe(NO3)3 is incorporated into WSC
primarily as doped iron rather that a distinct phase. FTIR analysis

m I 
v 

DV 
Fig. 13. Specific capacitance, and charge-transfer resistance
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(Fig. 14b) further supports this distinction. Apart from the funda-
mental vibrational peaks of WSC, the peaks at ∼709 and 
1347 cm−1 in Fe(NO3)3-WSC confirm the presence of NO3 

− , corre-
sponding to the in-plane bending vibration (m4) and symmetric 
stretching vibration (m1)  of  NO3

–, respectively. Additionally, the
vibrational peak at 485 cm−1 observed in both FeCl3-WSC and Fe
(NO3)3-WSC is attributed to Fe―C vibrations, indicating the inter-
action between iron ions and WSC.

Fig. 15 shows the gold(I) recovery performance of WSC modi-
fied with FeCl3 and Fe(NO3)3. The gold(I) reduction capacity and 
recovery of FeCl3-WSC electrodes were both higher than those of 
Fe(NO3)3-WSC and WSC electrodes. In contrast, the gold(I) reduc-
tion capacity and recovery of Fe(NO3)3-WSC electrodes were simi-
lar to those of WSC electrodes, likely due to iron ions occupying the
active sites within WSC, thereby reducing the material’s effective-
ness for gold(I) recovery. Oppositely, FeCl3 and Fe2(SO4)3 interact
more synergistically withWSC, enhancing its performance. In com-
parison with state-of-the-art Pt electrocatalysts (Fig. S5), the elec-
trode exhibits a remarkable improvement in catalytic efficiency.

Subsequently, the electrochemical performances of FeCl3-WSC 
and Fe(NO3)3-WSC electrodes in Na2SO4 solutions were evaluated 
using CV and EIS tests. CV curves for all electrodes, including 
WSC, Fe2(SO4)3-WSC, FeCl3-WSC, and Fe(NO3)3-WSC electrodes 
were recorded at various scan rates (Figs. S6–S9), demonstrating
that a well-maintained rectangular shape was preserved even at
high scan rates. To understand the impact of modification on
WSC electrodes, specific capacities were calculated (Fig. 16a). It 
was found that a significant improvement in specific capacities 
for Fe2(SO4)3-WSC and FeCl3-WSC electrodes, whereas Fe(NO3)3-
WSC electrodes exhibited only a slight enhancement. Moreover,
charge-transfer resistances were derived from Fig. S10 and 10d.
As shown in Fig. 16b, Fe modification effectively reduced charge-
transfer resistance. However, specific capacitance plays a more
crucial role in the electrochemical reduction-recovery of gold(I).

Based on these findings, the recovery of gold(I) using different 
Fe(III)-modified WSC materials is primarily influenced by their 
interaction with WSC. Fe2(SO4)3 and FeCl3 modifications likely 
result in the formation of stable deposits or surface coatings, which 
enhance conductivity and improve the electrochemical activities 
for gold(I) recovery. In contrast, Fe(NO3)3-WSC primarily intro-
duces Fe3+ dopants rather than forming stable compounds. This
doping effect may disrupt the porous structure or reduce the avail-
ability of active Fe sites on the surface, ultimately leading to a
lower gold(I) recovery.
 of various Fe 2(SO4)3 dosages modified WSC electrodes.

move_f0065
move_f0070
move_f0075
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Fig. 14. XRD patters and FTIR spectra of Fe(NO3)3 and FeCl3 modified WSC electrodes.

Fig. 15. Reduction capacity and recovery of gold(I) by Fe(NO3)3-WSC and FeCl3-WSC electrodes.
3.8. Simulations for gold(I) interactions with various ferric sources

To explore the interactions between gold(I) and different ferric 
resources, including Fe2(SO4)3, FeCl3, and Fe(NO3)3 , DFT calcula-
tions were conducted. As shown in the electron density maps
(Fig. 17a), substantial charge accumulation was observed at the 
gold(I) interaction sites with Fe2(SO4)3 and FeCl3, including strong 
chemical interactions, explaining the O 1s and 2p shifts observed in 
XPS. In contrast, little to no charge redistribution occurred in the
gold(I)-Fe(NO3)3 system, suggesting weak interaction in that case.
To further quantify these interactions, adsorption energies were
calculated (Fig. 17b). Fe2(SO4)3 exhibited the strongest adsorption 
affinity for gold(I), which may be attributed to the presence of 
oxygen-containing functional groups that enhance binding
strength. This trend was further supported by the Mulliken charge
transfer (DQ) analysis (Fig. 17c), where Fe2(SO4)3 and FeCl3 showed 
more pronounced electro exchange with gold(I) compared to Fe 
(NO3)3. Additionally, partial density of states (PDOS) analysis
(Fig. 17d) revealed significant orbital overlap between Ad and Ap 

orbitals with Os and Op orbitals, particularly in the Fe2(SO4)3-
modified system. This orbital hybridization further confirms the
strong electronic coupling and facilitates the efficient interaction
913
between gold(I) and the functionalized carbon surface. Although 
the ultimate recovery involves a reduction to metallic gold in 
XPS, the DFT results demonstrate that Au(S2O3)2 

3− modification 
provides the most energetically favorable sites for the initial 
adsorption and subsequent electronic activation of gold complex.
This strong ‘‘pre-concentration” effect facilitates the proximity of
Au(S2O3)23− to the active Fe―C centers, thereby lowering the charge
transfer resistance observed in electrochemical tests.

4. Conclusi ons

In this study, WSC electrodes modified with various ferric com-
pounds were developed for the electrochemical reduction-
recovery of trace gold(I) from thiosulfate solutions. Among the dif-
ferent ferric precursors evaluated, Fe2(SO4)3 modified WSC exhib-
ited the most outstanding performance, achieving near-complete 
recovery of trace gold(I) under optimized electrochemical condi-
tions. The modification led to the formation of stable surface coat-
ings and oxygen-rich functional groups, which enhanced electrical 
conductivity, increased specific capacitance, and reduced charge 
transfer resistance. Systematic investigations into the effects of
modification dosage, solution parameters, and electrochemical
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Fig. 16. Specific capacitance and charge-transfer resistance of various Fe sources modified WSC electrodes.

Fig. 17. Electron density map, adsorption energy, DQ, and PDOS analysis in the interactions of gold(I) with Fe2(SO4)3, FeCl3, and Fe(NO3)3.
conditions confirmed the critical role of sulfate groups induced by 
Fe2(SO4)3. These groups significantly improved the adsorption 
affinity for gold(I), facilitating its pre-concentration near active 
sites and thus promoting efficient recovery. Complementary DFT 
simulations further revealed strong interactions between sulfate-
derived oxygen atoms and gold(I), reinforcing the experimental 
findings. In contrast, FeCl3-WSC electrodes also showed moderate
recovery performance due to chloride-gold(I) coordination, while
Fe(NO3)3-WSC electrodes demonstrated negligible enhancement.
Collectively, these results emphasize the importance of ferric pre-
cursor selection in tuning the surface chemistry and electrochem-
ical properties of carbon-based electrodes.
914
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