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Silver nanoparticles (Ag NPs) possess unique physicochemical properties, making them valuable in various
applications. The polyol reduction (PR) method is a prominent approach for synthesizing Ag NPs. However,
traditional PR methods rely on Ag compounds like AgNOs as feedstock to prepare precursor solution, which
increases production time and costs. This study introduces a streamlined, eco-friendly technique to Ag NP
synthesis via PR. Low-cost metallic Ag serves as a feedstock, and electrochemical synthesis (ES) is employed
to dissolve the metallic Ag in ethylene glycol (EG), generating a precursor solution for PR. Additives are
added into the precursor solution, which is then heated to synthesize Ag NPs. By utilizing the additives
and the temperature-dependent reducibility of EG, Ag nanowires and purified Ag NPs are synthesized
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Accepted 7th April 2025 from pure and crude-Ag precursors, respectively. The ES-PR method retains the advantages of the PR
method while eliminating the need for Ag compounds in precursor preparation. Additionally, H, gas is

DOI: 10.1039/d5ra009679 produced as a byproduct, offering further benefits. The ES-PR method has the potential to significantly
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1. Introduction

Silver nanoparticles (Ag NPs) garner significant attention due to
their unique physicochemical properties, such as conductivity
and antimicrobial activity. Over the last decade, their global
consumption has seen a notable increase,' particularly in the
electronics,” healthcare,® photovoltaic,* and textile® industries.
The robust demand for Ag NPs has necessitated advancements
in Ag NP synthesis techniques. Currently, the primary technol-
ogies for Ag NP synthesis include physical,*®
electrochemical**™* and chemical reduction™° processes, their
characteristics are summarized in Table S1.}

The chemical reduction process, renowned for its advan-
tages in simple experimental setup and high productivity,
stands as the most popular process for Ag NP synthesis.
Notably, the polyol reduction (PR), a type of solvothermal
method, has been recognized for its superior morphology
control over Ag NPs for decades. Polyols like ethylene glycol
(EG), undergo thermal decomposition, generating aldehydes

“School of Metallurgy and Environment, Central South University, Changsha 410083,
China. E-mail: gmwang@csu.edu.cn; xyguo@csu.edu.cn

’National & Regional Joint Engineering Research Centre of Nonferrous Metal Resources
Recycling, Changsha 410083, China

‘Hunan Key Laboratory of Nonferrous Metal Resources Recycling, Changsha 410083,
China

School of Chemistry and Chemical Engineering, Central South University, Changsha
410083, China

T Electronic  supplementary  information
https://doi.org/10.1039/d5ra00967g

(ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

simplify the synthesis of Ag NPs via PR, facilitating the broader application of Ag NPs.

and other reducing agents, these products reduce Ag" slowly,
enabling precise morphological control when appropriate
additives and stabilizers are employed.*® Xia et al. prepared
cubic, spherical, rod, and wire-shaped Ag NPs by adjusting
polyvinyl pyrrolidone (PVP) amounts and reaction tempera-
tures.*®'® Moreover, PR is considered to be the most effective
method for large-scale synthesis of silver nanowires (Ag NWs).>*

However, unlike physical and electrochemical processes that
can use inexpensive metallic Ag to synthesize Ag NPs (see Table
S17), the PR method relies on Ag compounds as a feedstock for
preparing precursor solution. AgNO; is the most commonly
used compound due to its high solubility in polyol. The
production of AgNO; is time-consuming and requires a large
amount of H,0, to suppress the NO, generation, as noted in ESI
Note 1.72** On the other hand, from the perspective of industry
chain, metallic Ag is the raw-material of AgNO;, making it
cheaper and greener compared to AgNO;. If metallic Ag can be
directly used to produce the precursor solution for the PR
method, not only can it reduce production costs and simplify
processes, but it may also maintain the advantages of the PR
method. To our knowledge, this possibility has received insuf-
ficient attention in the existing literature, and no studies have
been reported using a feedstock other than Ag compounds to
prepare the precursor for PR method.

Electrochemical synthesis (ES) is a green and sustainable
method for the production of inorganic and organometallic
compounds or their precursors.”>*® ES possesses the following
advantages: (1) the application of electrons as an “inexhaust-
ible” reactant. (2) Anodic dissolution (AD) of metals can be
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utilized to produce metal ions. (3) The electrolysis cell can be
separated using an ion-exchange membrane, thereby prevent-
ing unwanted reactions involving intermediates and enriching
the intermediates. For instance, Gafurov et al. prepared orga-
nonickel sigma-complexes using nickel as a sacrificial anode in
an electrolyte containing 2,2’-bipyridine. Throughout the ES
process, only nickel, 2,2"-bipyridine, and aromatic bromide
were consumed, thereby avoiding the use of Grignard reagents
and environmental hazards found in traditional methods.”” The
chlor-alkali industry typically electrolyzes brine in cells sepa-
rated by a cation-exchange membrane (CEM), where Cl, gas is
generated at the anode and H, gas along with sodium hydroxide
solution is produced at the cathode. The presence of the CEM
prevents the O, evolution at the anode, thereby enabling the
enrichment of sodium hydroxide in the catholyte.” Xie et al.
conducted acid enrichment in a cell separated by an anion-
exchange membrane (AEM), where H,SO, was enriched to
63% in anolyte. The presence of AEM prevents the H, evolution
at the cathode.”® Notably, the AD of metallic Ag in EG solution
with electrolyte has been confirmed to be viable.> Furthermore,
the stability of AEMs in EG solution has been demonstrated.*
Therefore, it is possible to prepare the precursor for the PR
method directly using Ag metal as the feedstock through the ES
process. This approach avoids the production of AgNO; and
thereby establishes an ES-PR method.

On the other hand, pure Ag metal is produced by electro-
refining, using crude Ag as the raw-material. In 2023, Pb/Zn/Cu
smelting contributed 57.5% to global Ag metal production,*
indicating a substantial crude Ag output. Electrorefining
utilizes the differences in redox potentials among various metal
ions to selectively reduce Ag" at the cathode, thereby achieving
purification. Intriguingly, EG exhibits temperature-dependent
reducibility,*> which may allow the selective reduction of Ag",
thereby achieving purification similar to electrorefining.
Although quantifying the thermodynamics of EG's reducibility
presents challenges due to the complexity of the oxidized
products of EG,* Larcher et al. proposed a thermodynamic
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assumption to qualify the reducibility of EG. Based on their
calculations, the Gibbs free energy of reduction of Ag,O is more
negative than most of the metallic oxides, indicating that Ag,0O
more readily reduced in EG.** Therefore, crude Ag can be used
as an alternative feedstock to prepare the precursor, which can
further reduce the raw material cost. Additionally, impurities in
the crude-Ag precursor can be removed during the PR process.

It is noteworthy that the ES strategy can also be extended to
the aqueous system for synthesizing NPs. This study focuses on
the PR system, mainly due to the morphology control advantage
of the PR method and the temperature-dependent reducibility
of EG. Moreover, compared with the electrochemical process
described in Table S1,f the ES-PR method employs direct
current to prepare the precursor solution for PR, ensuring
higher current efficiency (Ag" enrichment rate discussed in
Section 3.2). Additionally, the morphology control advantage of
PR method is preserved.

In this study, Ag NWs and purified Ag NPs were synthesized
via the ES-PR method, utilizing pure and crude Ag as feedstocks,
respectively. Fig. 1 illustrates a comparative workflow between
conventional AgNO;-based PR method (Fig. 1A) and the ES-PR
methods (Fig. 1B and C) all starting from metallic Ag. The
proposed ES-PR method employs inexpensive Ag metals as
feedstocks to directly prepare precursor for PR, streamlining the
processes while retaining the advantages of the PR method.
Furthermore, H, is generated as a byproduct, offering addi-
tional benefits. The ES-PR holds promise for markedly reducing
the production cost and time of Ag NPs.

2. Material and methods
2.1 Preparation of metallic Ag samples

The pure Ag and 925-Ag sheets were purchased from Shenzhen
Lifan New Material Co., Ltd. 925-Ag is an Ag-Cu-Zn alloy
commonly used for silverware. It is used to simulate the appli-
cation of the ES-PR method for silverware recycling. The Smelt.-
Ag was prepared by melting Ag-Bi-Cu-Pb-Te mixed powders at

LA H,O, :
! |
i AgNO3 Precursor Polyol Ag NPs :
E Crude Ag Electrorefmmg — Pure Ag product|on AINO; = o aration Precursor reductlon ROEES E
(8) B

Electrochemical

Pure Ag synthesis

Adding
additives

!
Precursor Polyol '
for PR ‘{ reduction ]_' AgNWs E

Electrochemical
synthesis

Adding
additives

_’Precursor
for PR

Polyol
reduction

]—v Purified Ag NPs

Fig.1 Comparative workflows for Ag NP synthesis utilizing metallic Ag as the starting material. (A) Conventional AQNOs-based polyol reduction
method: AgNOs serve as an intermediate compound for preparing precursor of PR, resulting in lengthy process and high energy consumption.
(B) Ag NWs and (C) purified Ag NP synthesis employing the electrochemical synthesis-polyol reduction method in this study: the precursor for PR
method can be directly produced from metallic Ag, H, gas is generated as a byproduct.

12010 | RSC Adv,, 2025, 15, 12009-12019

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00967g

Open Access Article. Published on 17 April 2025. Downloaded on 10/28/2025 10:54:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

980 °C under argon atmosphere, the chemical composition was
provided by Chenzhou Fengyue Environmental Protection
Technology Co., Ltd. The Smelt.-Ag was used to simulate the
application of the ES-PR method for crude Ag produced in Pb/
Zn/Cu smelting. The chemical compositions of the metallic Ag
feedstocks used in this study are shown in Table S2.§

2.2 Electrochemical synthesis for Ag precursor solution

The ES experimental setup is shown in Fig. 2A. ES was con-
ducted in a custom-made electrolysis cell (100 + 100 mL H-
shape). The Ag sheet anodes used were 3.0 x 3.0 x 0.2 (cm) in
size. Due to the small surface area and fixed spacing between
the cathode and anode, the current applied in the ES process
was at the mA level. The applied current could be increased
when a larger electrolysis cell was employed. The electrolyte
concentrations were equal in both anolyte and catholyte. A
commercially available AEM, comprising a polyethylene matrix
with quaternary ammonium cationic groups, was purchased
from Hangzhou Huamo Technology Co., Ltd. Prior to use, the
AEM was immersed in a 0.1 M aqueous solution with specific
electrolyte for at least 24 hours. All electrodes underwent
sandpaper polishing and ultrasonic cleaning. The pure and
crude Ag anodes were encased in filter paper to prevent anodic
slime from contaminating the anolyte. Heating and agitation
were applied to the anolyte during ES process. Pt served as the
cathode, where the gases generated were collected in a Teflon
bag for further analysis. Fig. S21 shows the photographs of the
ES experimental setups.

2.3 Polyol reduction for Ag NP synthesis

After ES, the anolyte was analysed and then transferred to
a beaker, where it was mixed with EG, additives, and stabilizers to
produce precursor for PR, as shown in Fig. 2B. The PR
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experimental setups and reduction rate of Ag" (R) are explained in
ESI Note 2. 20 mL precursor was introduced into a Teflon-lined
stainless-steel autoclave and subjected to heating. To terminate
the reaction, the autoclave was rapidly quenched in water. After
cooling, the post-PR solution was diluted with deionized water
and then centrifuged for subsequent analysis. The as-synthesized
Ag NPs were collected by centrifugation and cleaned with ethanol
and deionized water, and finally dispersed in ethanol.

2.4 Instrumentation and analytical conditions

Electrochemical analyses were performed using a three-
electrode electrochemical workstation (METROHM, AUTOLAB
PGSTAT302N) in a 20 + 20 mL H-shape cell. Ag and Pt served as
the working (WE) and counter electrode (CE), while a saturated
calomel electrode (SCE) served as the reference electrode (RE).
Both WE and RE were immersed in the anolyte, and the SCE
was connected to the anolyte via a salt bridge filled with
electrolyte-saturated EG. The electrolyte concentrations were
equal in both anolyte and catholyte before ES, while the CE was
placed in the catholyte. The morphologies of the Ag NPs were
characterized by scanning electron microscope (SEM, JEOL,
JSM-IT700HR). Chemical compositions were analyzed by
inductively coupled plasma-optical emission spectrometer
(ICP-OES, THERMO FISHER, iCAP PRO). Phase compositions
were evaluated by X-ray diffraction (XRD, PANALYTICAL,
Empyren, Cu-Ka radiation). The pH of catholyte was measured
using a pH meter (LEICI, PHB-25). The cathodic gas composi-
tion was identified by gas chromatography (GC, FULI
INSTRUMENTS, GC9790II). 99.99% H, gas was prepared by
electrolysis of water using a H, generator (SHANDONG SAI-
KESAISI, QL-200). The NO3; ™ concentration in post-PR solution
was measured using ultraviolet-visible spectroscopy (UV-vis,
SHIMADZU, UV-1800).

Adding additives
and stabilizer

Fig. 2 Procedures and experimental setup of the electrochemical synthesis-polyol reduction method for Ag NP synthesis. (A) Metallic Ag
undergoes anodic dissolution in ethylene glycol, while H, evolution occurs at the Pt cathode, Ag* is enriched in anolyte due to the barrier effect
of anion-exchange membrane, thereby producing the precursor solution for polyol reduction. (B) The anolyte is added with additives and
stabilizer to produce precursor for polyol reduction. (C) The precursor solution undergoes heating to synthesize Ag NPs via polyol reduction.
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3. Results and discussion
3.1 Anodic dissolution of Ag in EG
The AD of Ag in EG anolyte can be expressed by eqn (1).

Ag (s) — Ag" (in anolyte) + e~ (1)

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)
were employed to investigate the Ag AD process in EG. Fig. 3A-D
illustrate the CV results using NaNO;, NaCl, CH;CO,Na and
Na,SO, as the electrolytes of EG, respectively. The anodic
current begins to increase at about 0.45 V versus SCE, indicating
the onset potential for eqn (1). The CV curves for NaNO; and
Na,SO, remain stable after five cycles, whereas NaCl and CH;-
CO,Na exhibit decrease in anodic current densities, suggesting
anodic passivation. During the cathodic sweep, the NaNO;
cathodic current decrease at 0.2 V versus SCE. This decrease
suggests the high solubility of anodic polarization products
(AgNOs) in EG, leading to the diffusion of AD-generated Ag" in
EG. In contrast, the cathodic current of NaCl, CH;CO,Na, and
Na,S0, increase during the cathodic sweep. These increases
suggest the poor solubilities of anodic polarization products
(AgCl, CH3CO,Ag, and Ag,SO,) in EG,* leading to their crys-
tallization on the Ag electrode surface. Their reduction result in
an increased cathodic current density. Consequently, NaNO;
proves to be a suitable electrolyte for the AD of Ag in EG. In
practice, due to the high solubility of AgNO; in EG, the nitrate
system is almost irreplaceable for the Ag NP synthesis via PR
method.

On the other hand, the conductivity of the anolyte and the
diffusion of Ag" influence the anodic current densities. Fig. 3E-
G elucidate the effects of various anolyte conditions on anodic
current densities: NaNO; concentration (Fig. 3E), agitation
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(Fig. 3F), and temperature (Fig. 3G). The addition of NaNO;
enhances the conductivity of the EG solution, while elevated
temperatures and intense agitation result in higher diffusion
coefficients of Ag',*® and thereby leads to increased anodic
current densities. Notably, the PVP stabilizer, used in subse-
quent PR process, should not be added into anolyte during ES,
due to the decreased diffusion coefficient of PVP-Ag"
complexes.*” Fig. 3H presents the LSV curves for pure and crude
Ag samples. Their anodic current densities are distinct, which
may be attributed to the different preparation methods used for
the Ag samples (rolling for sheets, casting for ingot). The grain
sizes, crystal orientation and chemical composition of metal
greatly influence the electrochemical corrosion behavior.*
Nevertheless, their onset potentials for AD are nearly identical,
and on passivation is observed during the anodic sweep,
demonstrating the feasibilities of AD process across all Ag
samples.

In this section, the AD of Ag into EG is investigated. NaNO;
has been confirmed as a suitable electrolyte. In fact, the nitrate
system predominates in reported PR studies due to the high
solubility of AgNOj; in polyols. By employing nitrate system in
ES-PR method, we can draw on the insights from the reported
PR studies to guide the Ag NP synthesis, thereby promoting the
practical application of ES-PR method. Nevertheless, the utili-
zation of NaNO; electrolyte diminishes the economic benefits of
the ES-PR method, we discuss the possible process for electro-
Iyte recovery in the following chapter.

3.2 Enrichment of Ag" in anolyte

Based on the CV result in Fig. 3A, there is no apparent side
reaction occurs during the AD in EG with NaNOj;, which indi-
cates that the Ag" enrichment rate in the anolyte (n,) can be
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Fig. 3 CV and LSV curves of Ag in ethylene glycol. Pure/crude Ag and SCE were inserted into the EG anolyte, with Ag serving as WE and SCE as
RE. Pt was inserted into the aqueous catholyte and served as CE. Both the catholyte and anolyte contain 0.1 M electrolyte (except in (E)) with
separation by AEM, and the scan rate was 10 mV s~1. CV curves of pure Ag with (A) NaNOs, (B) NaCl, (C) CHzCOONa and (D) Na,SO, as the EG
electrolyte, respectively. LSV curves showing the effects of parameters: (E) NaNOz concentration, (F) agitation, (G) temperature, and (H) types of

Ag anode on anodic current densities, respectively.
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to byproduct formation: (A) effect of catholyte pH on na, sediment is

generated in anolyte when catholyte is alkaline. (B) XRD patterns of the anolyte sediment generated under alkaline catholyte. (C) XRD patterns of

AEM before and after electrochemical synthesis at different catholyte pH

. (D) Schematic diagram, Ag* is consumed through deposition on AEM

and AgOH and Ag,O formations under alkaline catholyte conditions. Loss of na due to Ag* permeation: effect of (E) Electrolysis time, (F)
electrolysis temperature and (G) applied voltage on 7 and catholyte Ag* concentration. (H) Schematic diagram, Ag* permeates through AEM

into catholyte, resulting in Ag deposition on cathode.

calculated according to Faraday's laws. The estimation of 7, is
explained in ESI Note 3.f To understand what factors that
influence 7,, ES experiments were conducted, the experimental
parameters and results shown in Tables S3 and S4.F

The formation of byproducts besides Ag" leads to the first
type of n4 loss. The pH of catholyte significantly influences the
1a and byproduct formation, as shown in Table S3.1 In #pH-1 to
5, galvanostatic electrolysis were conducted with different
starting and ending catholyte pH. As shown in Fig. 4A, the 1,
decrease and sediment forms in anolyte (inset photographs)
under alkaline catholyte. The ending pH of the catholyte is
higher than the starting pH, which is due to the H, evolution
(discussed in following section) on the Pt cathode. Fig. 4B
shows the XRD patterns of the anolyte sediment, indicating that
it is a mixture of Ag,O (ICSD #281041) and Ag (ICSD #64706).
The Ag,0 is formed by the reaction of Ag" with OH™,** and the
Ag is shed from the surface of the AEM. Fig. 4C shows the XRD
patterns and photographs of AEMs before and after electrolysis
at different catholyte pH. The broad peak at 26 = 15-25° cor-
responding to the polyethylene matrix of AEM.* Under acidic
catholyte (#pH-1), the XRD pattern of AEM remains almost
unchanged. However, alkaline catholyte (#pH-5) lead to the
degradation of AEM." Intriguingly, the alkaline catholyte lead
to an Ag deposition (ICSD #64706) on the AEM. We suppose that
hydrated electrons react with O, to form O,  under alkaline
conditions,* which subsequently reduce Ag" on AEM surface.
Fig. 4D presents the schematic diagram of 7, loss caused by
byproducts formation, Ag" are consumed by deposition on AEM
or formation of AgOH and Ag,0. These byproducts-formation-
induced 71, loss can be avoided by adjusting the catholyte pH
to an acidic range (pH 0.9-1.1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

The permeation of Ag" through AEM into catholyte is
another factor that leads to 1, loss. The polymeric matrix of the
AEM possesses elongated channels, which are lined with posi-
tively charged groups, thereby repelling the passage of Ag'.
According to the Donnan membrane equilibria theory, the
permselectivity of the membrane is influenced by diffusion,*
thus ES time and temperature impact the permeation of Ag".
Table S4f shows the experimental parameters and analytical
results for determining the Ag" permeations on 7,. Potentio-
static electrolysis was conducted to investigate the effect of
electrolysis time on 7n,, as shown in Fig. 4E (##1 to 5). The 7,
remains stable as the electrolysis time increases, while the
catholyte Ag" concentration (wc) increases, indicating that
a concentration gradient between the anolyte and catholyte
promotes the permeation of Ag". Long-time electrolysis leads to
the cathodic Ag deposition. The Ag deposited on the Pt cathode
could be periodically cleaned and reused in the casting process
of the Ag anode. The effect of temperature on 71, is shown in
Fig. 4F (#T-1 to 4), increased temperature promotes the diffu-
sion of Ag", leading to decreased 7, and increased catholyte Ag*
concentration. On the other hand, the external electric field (the
applied voltage) also promotes the permeation of Ag". As shown
in Fig. 4G (#E-1 to 4), increased applied voltage promotes Ag" to
overcome the repelling effect of AEM, resulting in a decreased
na- Fig. 4H presents the schematic diagram of 1, loss caused by
Ag' permeation. Due to the diffusion of Ag', the loss of 7,
induced by permeation cannot be entirely prevented, but it can
be mitigated by applying appropriate ES parameter to achieve 7,
> 90%. It is anticipated that advancements in membrane tech-
nology will increase the permselectivity of AEM, thereby
achieving a higher 7,.
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In this section, the enrichment of Ag" in EG anolyte during
ES was investigated. Catholyte pH, temperature and applied
voltage are the main factors that influences n,. The ES process
effectively prepares an Ag'-containing EG solution, which
indicates that the ES process is feasible to prepare the precursor
for the PR process.

3.3 Ag NWs from pure Ag precursor

Ag NWs networks exhibit superior electrical conductivity and
high transmittance, along with the advantage of low cost. These
properties make them potential replacements for indium tin
oxide in the next generation of flexible electronic devices.**
Multitude of factors have been identified to influence the Ag
NWs morphology synthesized by PR, such as oxygen scaven-
gers,** the presence of Cl™,” PVP concentration,*” reaction
temperature,’®” and Ag' concentration,*® among others.
Building upon this body of research, we conducted straight-
forward comparative experiments to validate the efficacy of Ag
NWs synthesis using the pure-Ag precursor prepared by ES
process through PR. The experimental parameters and analyt-
ical results for Ag NWs synthesis are presented in Table S5.F
Fig. 5A shows the SEM images of Ag NWs synthesized by PR
method from the pure Ag precursor prepared via ES. The
optimal Ag NWs morphology is s obtained in #NW-2 with
synthesis parameters: 20 mM Ag”, 5 uM FeCl;, 200 mM PVP and
heated for 150 °C/8 h, while others in Fig. 5 reveal the effects of
parameter change on morphology. #NW-1, 2 and 3 reveal the
morphology changes of Ag NWs with varying FeCl; concentra-
tions. Multiply twinned particles have been proven to serve as
seeds for NWs. They are susceptible to oxidative etching,
leading to their dissolution and a consequent decrease in the
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number of Ag NW seeds.*” The oxidative etching can be miti-
gated by introducing Fe*" as oxygen scavengers. During the PR
process, Fe*" were reduced to Fe**, the Fe** can remove atomic
oxygen from the surface of Ag, thereby preventing the oxidative
etching.* On the other hand, Cl™ reacts with Ag" to form poorly
soluble AgCl, thereby slowing down the reduction rate and
making anisotropic growth of Ag NWs favorable. However, high
concentration of Cl~ leads to the formation of AgCl and micro-
sized Ag particles.”” #NW-4, 2 and 5 reveal the morphology
changes of Ag NWs with varying PVP concentration. PVP
strongly binds to the {100} facets of Ag, thereby hindering their
growth. This selective binding allows for the preferential growth
along the (111) directions, resulting in the formation of Ag
NWs.* However, at high concentrations, PVP covers all avail-
able surfaces, thereby rendering the formation of nanowires
infeasible.'® #NW-6, 2 and 7 reveal the morphology changes of
Ag NWs with varying reaction temperature. The reaction
temperature for Ag NWs synthesis via PR is typically controlled
at 140-160 °C.***” A lower reaction temperature increases the
diameter and decreases the length of Ag NWs,*® and also leads
to a low productivity (R of #NW-6 = 9.60%). Conversely, a higher
reaction temperature results in the formation of nanorods.*
#NW-8, 2 and 9 reveal the morphology changes of Ag NWs with
varying Ag' concentration. Low Ag’ concentration enhances
nanowires formation, though this comes at a cost to produc-
tivity. Conversely, high Ag" concentration results in wider and
shorter nanowires.*® The SEM images for determining the
length of Ag NWs samples are shown in Fig. 5B.

In this section, we successfully synthesize Ag NWs using the
pure Ag precursors prepared by ES process based on the re-
ported experimental parameters. The factors influencing the
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(A) Factors influence Ag NWs morphology. The optimal Ag NWs morphology is obtained in #NW-2 with synthesis parameters: 20 mM Ag*,

5 uM FeCls, 200 mM PVP and heated for 150 °C/8 h, while other experiments reveal the effects of parameter change on morphology. (B) SEM
images for determining the length of Ag NWs samples, 50 nanowires were measured for every sample.
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morphology of Ag NWs are well consistent with the literature,
demonstrating that the morphology control advantage of PR
has been preserved. Currently, we think the synthesis of Ag NWs
via ES-PR method can only use the pure Ag precursor. The
synthesis of Ag NWs from the crude-Ag precursor may be
extremely challenging, as described in following section.

3.4 Purified Ag NPs from crude Ag precursor

Electrorefining is an important process for purifying crude Ag
into pure Ag. We suppose that the impurities in the crude-Ag
precursor can be removed by utilizing the temperature-
dependent reducibility of EG, achieving a purification effect
similar to electrorefining. This could further reduce the raw-
material costs of the ES-PR method (see Fig. 1c).

Tables S6 and S71 shows the experimental parameters and
analytical results, and the chemical composition for Ag NPs
synthesized by ES-PR method using crude-Ag precursor. To
directly confirm the purification capability of EG for the crude-Ag
precursor, we first heated the 925-Ag precursor without the
addition of a stabilizer, and the results are shown in Fig. S4f
(#925-6 to 10). Due to the high Cu concentration in the 925-Ag
precursors, the purification effect of EG can be clearly observed
through the color changes of the reaction products. Micro-sized
Ag powders were generated after heating. Increasing reaction
temperature decreases the Ag powders purity and increases the R,
indicating a selective reduction of Ag' occurs at relative low
temperature (140-150 °C). However, the Ag purity and R vary
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dramatically with temperature, making it difficult to achieve both
high purity and a high R simultaneously. Notably, commercially
available PVP commonly terminates with a hydroxyl group, which
allows it to act as a mild reductant as well.** Therefore, by adding
PVP as a dual-function reagent (stabilizer and mild reductant),
the reducibility of the solution can be controlled precisely, and
the formation of Ag NPs can be promoted.

Fig. 6 presents the effect of temperature on purity, R and
morphology on the Ag NPs from crude Ag with PVP addition
(Fig. 6A for 925-Ag and Fig. 6B for Smelt.-Ag). Compared to
Fig. S4,7 the temperature range of Ag" reduction decreases from
140-180 °C to 110-150 °C, indicating the additional reducibility
provided by PVP. Heating at 120 °C for 6 hours with 500 mM
PVP addition (#Smelt.-2 and #925-2) produces relatively pure
(>99.9%) Ag NPs with R > 95%, indicating the feasibility of
synthesizing purified Ag NPs through the ES-PR method using
crude Ag as feedstock. It is noteworthy that Cu and Bi are
difficult to remove from Ag Table S7,f which is consistent with
the thermodynamic calculation of Larcher.®*

On the other hand, the morphologies of Ag NPs from crude Ag
influence by reaction temperature and impurity ions signifi-
cantly. As shown in the SEM images in Fig. 6, at 110 °C, #925-1
forms Ag nanosheets, while #Smelt.-1 is a mixture of nanorods,
sheets, and particles. This may be attributed to the difference in
Cu concentration between 925-Ag and smelt.-Ag. Xiong et al. have
reported that Ag nanosheets can be prepared using PVP as
a reducing agent, employing a mild reduction process in their
study (heating in an aqueous solution at 60 °C).** However, the

Fig. 6 Effects of temperature on the purity, Ag* reduction rate (R), and morphology of Ag NPs from crude Ag prepared by ES-PR method with
PVP addition. The elevated reaction temperature increased the reducibility of ethylene glycol solution, resulting in an increased R and decreased
Ag NPs purity. The morphologies of Ag NPs differ depending on the chemical compositions of crude Ag, indicating that impurity ions play

a critical role in morphology control. (A) 925-Ag. (B) Smelt.-Ag.
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#925-1 still formed uniform Ag nanosheets under stronger
reducibility conditions (heating in an EG solution at 110 °C)
compared to Xiong's study. We suppose that the high concen-
tration of Cu®* (>50 000 ppm) in #925-1 is reduced to Cu* at 110 ©
C (purity of #925-1 = 99.95%), subsequently, Cu" is re-oxidized to
Cu** by oxygen atoms on the Ag surface, preventing the oxidative
etching.® This cyclic redox process (Cu®** — Cu" — Cu*)
consumes the reducing agents in solution, which leads to insuf-
ficient reducing agents to reduced Ag". Consequently, the R of
#925-1 is only 17.90%, the mild reducibility and mitigated
oxidative etching results in the formation of nanosheets. In
contrast, the R of #Smelt.-1 (with a lower Cu concentration) at
110 °C is 44.15%. Additionally, the Ag NPs in #Smelt.-5 at 150 °C
exhibit a morphology that resembles #Smelt.-1, with a decrease in
the number of nanorods in #Smelt.-5. However, #925-5 produced
sub-micron polyhedral particles at 150 °C. We suppose that the
larger particle size in #925-5 is due to the reduction of Cu and Zn
at 150 °C (purity of #925-5 = 95.31%). The reduced Cu and Zn
may deposit on some Ag NPs, facilitating their growth through
the replacement of Cu and Zn with Ag”, leading to the formation
of sub-micron powders. This effect will not occur in #Smelt.-5,
which contains a lower Cu and Zn concentration. At 120 °C, the
reducibility of the solutions is moderate, providing sufficient
reducing agents to reduce Ag', even under the cyclic redox
process of Cu ions. The moderate reducibility at 120 °C does not
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lead to the substantial reduction of Cu®** to Cu. Therefore, #925-2
and #Smelt.-2 produce relatively pure (>99.9%) Ag NPs with R >
95%. The above results demonstrate that impurity ions and their
concentrations are crucial to Ag NPs morphology.

In this section, purified Ag NPs are synthesized using the
crude-Ag precursor. However, controlling the morphology of
these Ag NPs is challenging since impurity ions affect their
shapes. Additionally, due to the variability in the chemical
composition of crude Ag produced from smelting, we consider
it difficult to use the crude-Ag precursor solution for preparing
Ag NPs with precise morphologies. The Ag NPs generated from
crude-Ag precursor may be suitable for the application in Ag
conductive paste. The Ag NPs used in conductive paste (~30-
100 nm) serve as fillers within the gaps between micro-sized Ag
flakes (~4-12 pm).**** The size distribution of these Ag NPs is of
more concern, while their morphologies are commonly not
discussed, since the sintering process of the conductive paste
changes their morphologies.**** Although there are limitations
in the application of Ag NPs synthesized from crude Ag, the
ultra-short synthesis route (as shown in Fig. 1c) still remains
highly appealing due to its potential to remarkably reduce the
production costs and time. To our knowledge, there has never
been a paper that uses crude Ag as a feedstock to prepare
purified Ag NPs, even when employing physical and electro-
chemical process.
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(A) LSV curve and (B) GC curves revealing the H, evolution on Pt cathode during electrochemical synthesis. Low applied voltage ensures

that H; is the primary gaseous product. (C) UV-vis spectrum revealing the NOs~ concentration change in different stage of ES-PR method,
indicating the recyclability of NaNOs. (D) Proposed NaNOs recycling process: the NaNOs in post-PR solution is enriched into NaNO= aqueous
solution by electrodialysis. The impurities, like Cu®*, Pb* in NaNO3 aqueous solution are removed by ion exchange, when their concentrations

are high. NaNOs crystal is produced by heating process.
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3.5 Gaseous product and electrolyte recycling of ES-PR
method

H, is identified as the gaseous product generated during ES
process. Fig. 7A shows the LSV curve revealing the H, evolution
on Pt. The onset potential at about —0.3 V versus SCE indicates
the initiation of H, evolution. Fig. 7B presents GC results of the
cathodic gases generated during ME. The GC curves of cathodic
gases match that of a 99.99% H,, especially when 4 V was
applied, indicating H, is the primary gaseous product. However,
when the applied voltage of ES increased to 16 V, a small
quantity of reddish-brown gas was observed in the gas collec-
tion bag, implying NO,, formation. Consequently, to ensure that
H, remains the primary gaseous product and to prevent Ag"
permeation through AEM, high applied voltage should be
avoided during the ES process. Significantly, unlike the
production of AgNO; that requires a large amount of H,0, to
suppress NO, generation, the ES process generates H, as
a byproduct, offering environmental and economic advantages.

On the other hand, the NaNO; electrolyte is considered to be
recyclable in the ES-PR method. The NO; ™ concentrations in the
solutions at different stage of ES-PR method were analyzed using
UV-vis, as shown in Fig. 7C. The peak at wavelength of 300 nm
corresponding to the n — w* transition of NO; .*® In the ES
process, NaNO; functions as a supporting electrolyte, facilitating
the AD of Ag by enhancing the conductivity of EG without causing
passivation. The NO;~ concentration in anolyte increases after ES
process. This increase is due to the migration of NO;~ from the
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catholyte to the anolyte, which maintains the electrical neutrality
of the system. During the precursor preparation, the anolyte is
diluted by pure EG, leading to a decrease intensity of the NO; ™~
peak. After the PR process, a peak appears at about 270 nm in the
post-PR solution. This peak is likely due to aldehyde groups
formed by the thermal decomposition of EG,* which undergo an
n — 7v* transition.”” Through peak fitting, the NO; ™ peak in the
post-PR solution slightly decrease after PR process, indicating
a small consumption of NO; . This consumption could be due to
the NO, generation caused by the dissolution of Ag® NP in HNO;
during PR process.* It is worth mentioned that the generation of
NO, is solely related to the concentration of Ag" in the precursor.
During the synthesis of Ag NPs, the concentration of Ag" is typi-
cally low, which means that only a small amount of NO, is
emitted.”® Therefore, the NaNO; is nearly non-consumed
throughout the ES-PR method, making it recyclable.

To effectively and economically recycle NaNO; from the post-
PR solution, electrodialysis is considered an optimal choice.
The feasibility of desalinating the NaNO; solution via electrodi-
alysis has been confirmed.*® Moreover, electrodialysis systems
can be easily scaled down to small sizes, making them suitable for
meeting various production capacity demands.® In fact, small-
scale electrodialysis systems are readily available on online
marketplaces, with some models priced similarly to common
household appliances. Fig. 7D proposes a facile electrodialysis-
heating process for recycling NaNO; from the post-PR solution.
Through a combination of CEMs and AEMs in electrodialysis, the
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Fig.8 Conceptual industrial workflow for the synthesis of metallic nanoparticles via the ES-PR method. Crude or pure metal serves as feedstock
to directly prepare precursor solutions, without the need for intermediate compounds. H, gas is collected as a valuable byproduct. Electrolyte is

recycled through an electrodialysis-heating process.
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Na" and NO;~ are removed from the post-PR solution and
concentrated in aqueous solution. Notably, when crude Ag is used
as the feedstock in ES process, the impurity concentrations (Cu*",
Pb>", etc.) in post-PR solution increase, these impurities can be
removed through ion exchange.®* Finally, the electrolyte can be
recovered through a heating process.

3.6 Anticipated developments

The PR method has demonstrated efficacy in synthesizing
nanoparticles of transition and post-transition metals, such as
Cu, Ni, Co, and Fe.®”> We suppose that the ES-PR method can be
extended to the synthesis of metallic nanoparticles beyond Ag,
with the exception of certain noble metals like Au and platinum
group metals, which are challenging to dissolve electrochemi-
cally. Fig. S5t shows the CV curves revealing AD of Cu, Ni, Co
and Fe in EG, implying the applicability of ES-PR method
among Cu, Ni, Co and Fe. Furthermore, the ES-PR strategy can
be adaptable to aqueous system, establishing ES-hydrothermal
and ES-aqueous reduction methods. These expansions have the
potential to simplify processes for metallic nanoparticles
synthesis via chemical reduction, leading to economic and
environmental benefits.

Based on the results above, a conceptual industrial workflow
for the synthesis of metallic NPs via the ES-PR method is
proposed, as shown in Fig. 8. Details of the ES and PR processes
have been described previously. The addition of additives and
PR process can be conducted in the same reaction container,
the H, generated by ES process is collected in a storage tank.
Electrolytes are recycled via a facile electrodialysis-heating
process. The ES-PR method exhibits a streamlined and eco-
friendly process, with great potential to innovate the metallic
NPs production via PR method.

4. Conclusions

This study has presented an electrochemical synthesis-polyol
reduction (ES-PR) method for synthesizing Ag NPs from
metallic Ag. Specifically, the method uses pure or crude Ag
metal as the anode and dissolves it in ethylene glycol within
a cell separated by an anion-exchange membrane. The enrich-
ment rate of Ag" in the anolyte is above 90% under appropriate
ES parameters. Ag NWs are synthesized from the pure-Ag
precursor, with reference to experimental parameters in the
reported literature. Purified Ag nanoparticles (>99.9%) are
synthesized from the crude-Ag precursor by utilizing the
temperature-dependent reducibility of ethylene glycol. This
method has the potential to establish a streamlined process for
synthesizing Ag NPs via PR, eliminating the need of Ag
compound for producing precursor solution. Furthermore, this
method generates H, as a byproduct during the ES process,
making it an eco-friendly process. In the future, the ES strategy
holds the potential to be extended to other chemical reduction
techniques, including hydrothermal and aqueous systems.
Furthermore, metals other than Ag, such as Cu, Ni, and Co,
could also be synthesized using this technique, which could
lead to economic and environmental benefits.
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