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A B S T R A C T   

One way to overcome the complex problem of the increasing demand for metals coupled with the rapid depletion 
of high-grade raw materials is to boost research into innovative methods of metal recovery. Electrochemical 
recovery for metal production has already gained ground in the electrowinning and electrorefining of Cu, Zn, and 
Au, for example, from highly concentrated and purified hydrometallurgical solutions. Since 2015, an electro-
chemical technique, based on the combination of the electrodeposition (ED) and redox replacement (RR) pro-
cesses, has been developed in the context of trace metal recovery (μg/L – mg/L). Specifically, EDRR enables the 
efficient recovery of precious metals, including Ag, Au, Pt, and Te, from underutilized secondary raw materials- 
hydrometallurgical solutions, where these metal species are naturally present. With highly flexible electro-
chemical process parameters, EDRR also allows controllable preparation of metal coatings, nanoparticles, and 
even functional surfaces directly from lower-grade resources, further indicating the promise of EDRR to relieve 
material scarcity. In this review, we analyze in detail the significant progress regarding EDRR for both metal 
recovery behavior and creation of high-value-added materials. The future prospects for EDRR, including energy 
efficiency and sustainable materials, are also outlined.   

1. Introduction 

Metal scarcity has become an impending concern due to the deple-
tion of the world’s natural resources. It is predicted that many of the 
supplies of primary metals (e.g., Ag, Pb, Cu, Zn) will reach their pro-
duction peak soon and several metals will be depleted within approxi-
mately 50 years [1–12]. However, metal-containing products are widely 
utilized in housing, transportation, electrical power production and 
delivery, contributing to modern technology and quality of life. From 
the perspective of the environment, metal materials are also irreplace-
able in sustainable technologies to phase out fossil fuels, such as solar 
panels, wind turbines, electric vehicles, and H2 fuel cells [13]. For 
example, the consumption of Pt in the automotive industry for catalytic 
converters is up to 100 t per year depending on the Pt load per unit of 
power, and the required amount of Pt in fuel cell technology is contin-
uously increasing [14]. The high demand for metals and metal- 
containing products necessitates efficient metal extraction and 

recycling techniques. 
Hydrometallurgical processing methods, such as leaching, precipi-

tation, cementation, and electrochemical reduction, have served as in-
dustrial methods for the metal refining [15]; for example, cyanide 
leaching for Au processing has been developed in the industry for >100 
years [16]. Electrochemical recovery of metals was first employed to 
obtain Na metal by the electrolysis of molten sodium hydroxide in 1807 
[17] and has become the dominant technology in elemental metal re-
covery from concentrated and purified solutions. Metals are either pu-
rified by electrochemical leaching-deposition (electrorefining, ER) from 
their pyrometallurgically smelted metal anodes (for Cu, Ni, Co, Pb, Sn, 
etc.) [18] or recovered by electrodeposition (electrowinning, EW) after 
hydrometallurgical leaching and solution purification processes (for Cu, 
Au, Ag, Zn, Al, Ni, Co, Mn, etc.) [19]. Solutions for EW are usually 
concentrated, for example, the industrial EW of Cu operates typically in 
a 20–50 g L−1 solution [20,21] and that of Ni in a 90–140 g L−1 solution 
[22,23]. When applying traditional EW in dilute metal solutions, the 
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1,2-ethanediol HOCH2CH2OH; SEM, scanning electron microscope; OPEX, operating expenditure. 
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hindered mass transfer, i.e., movement of metal ions from the solution to 
the electrode surface has an influence on the recovery time. Frequently, 
adaptation of the equipment (e.g., an electrode with a larger surface area 
or rapid flow) and operating parameters (e.g., higher operating current 
density) is required [24–26]. Moreover, the purity of metals recovered 
by EW is limited in solutions with impurities, such as those in industrial 
process streams. It is worth noting that the global annual production of 
Cu, Ni, and Zn (26 Mt, 2.7 Mt, and 13 Mt, respectively, in 2021) [27] is 
mainly refined from hydrometallurgical or pyro-hydrometallurgical 
operations. In the final stage, these process solutions still contain im-
purities, such as precious metals Ag, Au, and PGM, at very low con-
centrations (<mg L−1 or <μg L−1) [22,28–30]. Considering the 
depletion of high-grade raw materials, such hydrometallurgical process 
solutions and production side streams provide great potential as sec-
ondary raw materials for further metal recovery. Currently the recovery 
from such low concentrations (<mg L−1 or <μg L−1) is not considered 
economically feasible, the development of new recycling methods is 
significant and necessary. 

Electrodeposition-redox replacement (EDRR) has recently been 
developed for metal recovery from process solutions, specifically for 
precious metals [31–33]. During EDRR, a short current or potential is 
first applied to achieve the electrodeposition (ED) of a less noble/ 
sacrificial metal (Cu, Ni, Zn), which is present in hydrometallurgical 
solutions at high concentrations (g L−1 scale), analogously to the EW 
process. In the subsequent step, no electricity is applied, and more noble 
metals present in dissolved form (μg L−1 – mg L−1 levels) are recovered 
through a spontaneous redox replacement (RR) reaction, driven by the 
differences in reduction potential or galvanic potential between the two 
metals, similarly to the cementation process. 

Compared to traditional hydrometallurgical processes (Table 1) 
[140], such as cementation, precipitation, solvent extraction and ion 
exchange, no additional chemicals or pH adjustment is required in 
EDRR. Moreover, electrochemical processes (e.g., EW and EDRR) are 
expected to be more viable options in future as the share of renewable 
electricity in the energy mix is rising, allowing the use of these methods 
to decrease overall carbon emissions in metal production as well. Both 
electrochemical methods are highly controllable by the selected opera-
tion parameters, i.e., deposition current or potential and deposition 
time, whereas for example cementation is a batch process allowing no 
control after the addition of cementation agents. EDRR has additional 
parameters in RR step, making it more flexible to achieve optimized 
purity of recovered metals. Furthermore, neither the concentration nor 
purification steps of the solution are necessary before the EDRR process. 

Another extra benefit of EDRR is that the dissolution of sacrificial metals 
during each RR step increases their concentration near the electrode 
(replenishing process), which not only compensates for the possible 
mass-transport limitation in the following ED step (cf. EW), but the same 
metal atoms can be continuously used for target metal reduction without 
additional cementation agents. During the process of EDRR, the double 
layer charging takes place in the beginning of each cycle and its role in 
energy consumption cannot be ignored, while the double layer charging 
in EW only happens at the very start of the process. EW is a strong 
candidate in the industrial metal recovery which present at high con-
centrations (g L−1). Although the recover limit of EW on lab scale 
reached even 5–100 mg L−1 [34–37], higher energy is consumed in such 
dilute solution due to the mass transfer limitation. The actual metal 
recovery of EDRR takes place during RR step where no external energy is 
applied, and therefore EDRR shows great potential in the recovery of 
metals which are present at low concentrations (even < μg L−1) either in 
the primary or recycled process solutions. 

To date, EDRR has been effectively applied for metal extraction and 
removal on laboratory scale, including Ag recovery from a Zn- and Cu- 
containing dilute effluent or hydrometallurgical bottom ash leachant 
[38–41], Au recovery from cyanide-free cupric chloride leaching solu-
tion [42–44], Pt recovery from industrial Ni solution [22], and Te re-
covery from Doré slag pregnant leaching solution (PLS) [45,46]. 

From the viewpoint of materials science, the cycling of the electro-
deposition and redox replacement process was originally studied for the 
fabrication of metal nanoparticle deposition (e.g., Pt/Pb) [47]. Other 
redox replacement reactions, such as surface-limited redox replacement 
(SLRR) [48,49], based on underpotential deposition and electroless 
adsorption driven by galvanic displacement, have been developed as 
prominent methods to create defect-free and smooth monolayer films of 
precious metals (e.g., Ag, Au, Pt, Pd) [50]. However, the SLRR process 
requires a solution with a more optimized ratio of sacrificial and 
replacement metal species and proceeds under specific conditions, such 
as deoxygenation [51]. In comparison, EDRR can be operated easily 
under ambient conditions and functional metal products with highly 
controllable properties can be created directly from hydrometallurgical 
process solutions, further benefitting the circular economy. Thus far, 
versatile metal deposition such as Ni/Pt, Ag/Zn, Ag/Cu, Cu/Zn, Cu/Zn/ 
Ag [52–57] has been obtained using EDRR. In particular, Ni/Pt has 
proved to be efficient for photocatalytic H2 evolution and holds great 
promise in the hydrogen economy to support decarbonization [52]; Ag/ 
Zn and Ag/Cu have exhibited surface plasmon resonance (SPR) 
behavior, which has become a widely growing optical sensing approach 

Table 1 
Comparison of EDRR with commonly used hydrometallurgical processes.   

EDRR EW Cementation Precipitation 
(crystallization) 

Solvent extraction Ion exchange 

Addition of extra chemicals (cost of 
chemicals) 

No No Yes 
(Moderate) 

Yes 
(Moderate) 

Yes 
(High) 

Yes 
(High) 

Adjustment of pH 
(effect of pH) 

No Sometimes Yes  Yes 
(Solubility of metal salts 
varies at different pH) 

Yes 
(Extraction and 
selectivity are pH 
dependent) 

Yes 
(Extraction and 
selectivity are pH 
dependent) 

Recovery by electricity (energy 
consumption) 

Yes 
(Low in complex 
and dilute 
solution) 

Yes 
(Low in 
concentrated 
solution) 

No No No No 

Recovery of metal or metal salts 
directly from solution without 
additional unit process 

Yes Yes Yes Yes No 
(Metals are recovered 
into other phases) 

No 
(Metals are recovered 
into other phases) 

High selectivity and purity of target 
metals from complex and impure 
solution 

Yes No No  No  Yes Yes 

Utilization of low-grade raw 
materials-process solution 
(concentration scale) 

Yes 
(<1 μg L−1 

or <1 mg L−1) 

No 
(g L−1) 

No 
(g L−1) 

Yes 
(mg L−1- g L−1) 

No 
(g L−1) 

Yes 
(mg L−1 - g L−1) 

Technology readiness level Moderate High High High High High  

L. Cui et al.                                                                                                                                                                                                                                      
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[55,57]; Cu/Zn has also exhibited corrosion resistant properties [56,57]. 
Development of the EDRR method would greatly advance the inte-

gration of metal recovery and material functionalization, aligning well 
with the principles of the circular economy and sustainable development 
(Fig. 1). In this review, we give a comprehensive introduction to the 
EDRR technique, including the general process and mechanism. Appli-
cations of EDRR for metal recovery/removal and direct deposition of 
functional materials are also discussed. Finally, we outline the future 
prospects for EDRR. 

2. Fundamentals of electrodeposition-redox replacement 
(EDRR) 

EDRR methodology includes two electrochemical processes, i.e., 
electrodeposition and redox replacement. In terms of hydrometallurgy, 
EDRR can be considered as an electrochemically assisted form of 
cementation or a combination of EW and cementation (Fig. 2). 

2.1. Electrodeposition process 

The principle of electrodeposition is the cathodic reduction of metal 
ions, producing a solid deposit on the cathode within an electrolytic cell 
(Fig. 2, electrowinning) [58]. Reduction occurs when the applied 

potential is more negative than the equilibrium potential of specific 
metal/metal ion pairs in a non-standard state, which can be determined 
by the Nernst equation: 

Fig. 1. Development of EDRR for metal recovery and production from hydrometallurgical solutions.  

Fig. 2. Schematic of the EDRR process.  

L. Cui et al.                                                                                                                                                                                                                                      
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E = Eo + RT/zFlnaMz+ (1)  

where E is the electrode potential, E◦ is the standard reduction potential 
for a specific metal/metal ion, R represents the universal gas constant, z 
is the charge on the metal ion, F represents the Faraday constant, with 
the activity of metal ion aMz+ and absolute temperature T. The differ-
ences of standard reduction potentials between various species theo-
retically enable the selective deposition of the target metal from a 
complex multi-metallic solution (Table 2) [59]. For example, in ideal 
cases, dissolved Ag is more noble (+0.799 V vs SHE) and can be sepa-
rated from dissolved Cu (+0.34 V vs SHE), whereas dissolved Cu can 
also be selectively separated from Zn (-0.763 V vs SHE). If the deposition 
potentials of metals are more negative than the H2 reduction potential 
(Table 2), H2 evolution may compete with the electrodeposition. During 
an industrial ER process, the metal to be purified acts as the anode, 
whereas the pure target metal is deposited on the cathode, making the 
thermodynamical cell potential 0 V. In an industrial EW process, 
cathodic reduction is for the recovery of the elemental target metal, 
while the anodic reaction is typically O2 evolution in sulfate-based 
media or Cl2 evolution in chloride-based solutions, making a substan-
tially higher cell potential when compared to ER [15]. 

2.2. Cementation process 

In a hydrometallurgical cementation process, one of the dissolved 
metals with a higher electrode potential will be reduced to zer-
o valence by the metallic particles with a lower electrode potential 
(Fig. 2, Table 2) [60]. The method allows the recovery (spontaneous 
reduction) of dissolved metals from the leaching solution, by adding 
cementation agents (typically Zn and Fe) in metallic form. For instance, 
Zn powder is used to recover Au from cyanide solutions in industrial 
processes (the so-called Merrill-Crowe process) [61,62]. Cementation 
has also been widely applied for the purification of leaching solutions to 
remove metals such as Cu and Co from solutions where these impurity 
metals are typically present in relatively low amounts (<1 g L−1) 
[63–65]. 

2.3. EDRR process and parameters 

EDRR parameters are highly amenable to being tailored, allowing 
easier optimization of metal recovery, and flexible adjustment of the 
composition and structure of the metal deposition. During the ED step 
(Fig. 3), a constant or pulsed deposition potential (E1) or cathodic cur-
rent (i1) is applied to the electrode for a certain deposition time (t1). In 
the RR step, the system is left in an open circuit situation (OCP) without 
the application of external potential or current. During this step, the OCP 
value increases due to the replacement on the electrode of a less noble 
metal with a more noble metal. The RR step can be allowed to continue 

until the OCP reaches a predetermined cut-off potential (E2) or cut-off 
time (t2), whichever is reached first or determined as the controlling 
parameter (Fig. 3). When each full EDRR cycle is completed, the next 
one will start without delay and the cycling (n) of ED and RR is repeated 
(Fig. 3). 

The range of E1 or i1 depends on the redox behavior of the sacrificial 
and noble metal pairs in the solutions, which can be defined through 
experimental study of cyclic voltammetry (CV) characteristics (Fig. 4, 
light red area in CV: selected range of E1). A more negative deposition 
potential E1 (or higher cathodic i1) or longer t1 typically results in a 
higher sacrificial metal content; side reactions such as H2 evolution may 
occur in acidic or neutral solutions, accompanied by higher energy 
consumption. 

The E2 or t2 in the RR reaction is typically adjusted to allow all the 
deposited sacrificial metals to be replaced by noble metals. In practice, 
the duration of the RR step varies from microseconds to several hours. 
More positive E2 or longer t2 will lead to higher purity of the end- 
product, due to the increased dissolution of the sacrificial metals [52] 
and more migration of metal ions toward the electrode, especially in 
solutions with trace noble metals (μg L−1 – mg L−1). However, the cut-off 
potential should not exceed the reduction potential of the noble metal 
(determined by CV in Fig. 4) to prevent its stripping, i.e., corrosion. 

In general, operating more EDRR cycles leads to increased metal 
recovery, as long as there are still target noble metals present in the 
solution. The number of cycles can also be adjusted to control the de-
posit size and coverage, e.g., Ostwald ripening occurs with a longer 
EDRR process time, leading to bigger crystalline particles [66]. With 
more EDRR cycles, individually distributed particles tend to form a 
continuous layer due to their surface energy and the mobility of metal 
atoms [67–69]. 

The recovery efficiency and the obtained structures of the metal 
deposits are not only dependent on the EDRR parameters, but subject to 
the mass transfer and selection of sacrificial metals. In addition to the 
metal concentration in solution, the mass transfer is also influenced by 
the EDRR parameters or agitation process applied. The selection of 
sacrificial metal usually depends on the metal species present and their 
redox potentials in hydrometallurgical solutions. The solutions in the 
hydrometallurgical industry are usually chloride-, sulfate- or nitrate- 
based, resulting in both the complexation and variation of the metals’ 
redox potentials (compared to their standard potentials, Table 2). 
Generally, the reduction potentials of the sacrificial metal and recovered 
metal should not overlap, and thus their nobility difference enables the 
RR reaction to occur. In theory, the larger the reduction potential dif-
ference between the sacrificial metal and recovered metal, the bigger the 
driving force for the RR reaction [70]. It should be noted, however, that 
utilizing a sacrificial metal with a more negative reduction potential 
causes a higher cell voltage during the ED step and increases the energy 
consumption accordingly. 

3. EDRR for metal recovery 

EDRR has been studied in the context of hydrometallurgy for the 
recovery of various metals either from synthetic or industrial process 
solutions tested on laboratory scale (Table 3). It is evident that the 

Table 2 
Examples of standard reduction potentials.  

Electrode Reduction half reaction Standard reduction potential 
(V) 

Au+|Au Au+ (aq) + e− → Au (s) +1.83 
Cl2|Cl− Cl2 (g) + 2e− → 2Cl− (aq) +1.40 
O2|H2O O2 (g) + 4H+ (aq) + 4e− → 2H2O (l) +1.23 
Pt2+|Pt Pt2+ (aq) + 2e− → Pt (s) +1.20 
Ag+|Ag Ag+ (aq) + e− → Ag (s) +0.80 
Fe3+| 

Fe2+

Fe3+ (aq) + e− → Fe2+ (aq) +0.77 

O2|H2O2 O2 (g) + 2H+ (aq) + 2e− → H2O2 (l) +0.70 
Te4+|Te Te4+ (aq) + 4e− → Te (s) +0.57 
Cu2+|Cu Cu2+ (aq) + 2e− → Cu (s) + 0.34 
Cu2+|Cu+ Cu2+ (aq) + e− → Cu+ (g) +0.16 
H+/H2 H+ (aq) + e− → ½ H2 (g) 0 
Ni2+|Ni Ni2+ (aq) + 2e− → Ni (s) −0.23 
Zn2+|Zn Zn2+ (aq) + 2e− → Zn (s) −0.76  

Fig. 3. Schematic of a typical EDRR process with parameters.  

L. Cui et al.                                                                                                                                                                                                                                      
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recovery of various metals displays different behavior, which will be 
discussed in detail in the following sections. 

3.1. Ag recovery 

Ag-based products are attractive in diverse fields, including optics, 
catalysis, electronics, and anti-bacteria [72–75]. In general, Ag is ob-
tained as a by-product from production of Zn, Cu, Ni metals, or along 
with precious metal production such as that of Au [76–78]. Ag recovery 
from multi-metal industrial process solutions typically includes several 
steps, such as separation from the leach solution via solvent extraction, 
ion exchange, adsorption and/or the recovery from solution by cemen-
tation, precipitation, or EW [79]. The precipitates formed can be further 
purified by the above-mentioned unit processes and/or smelting. 

The EDRR method has demonstrated its capability to recover Ag 
directly from hydrometallurgical process solutions [38–41,53,54]; both 
Zn and Cu were found to be successful sacrificial metals for Ag recovery 
in sulfate- or chloride-based media. In concentrated Zn sulfate solution 
(Zn: 60 g L−1), Zn(II) was deposited on the electrode in the ED step (E1 =

-0.7 V, Fig. 4a), followed by spontaneous replacement with Ag(I) (Ag: 
100 mg L−1, difference in reduction potential between Zn2+/Zn and 
Ag+/Ag of approximately 1.6 V) [38]. By optimizing the EDRR param-
eters, the deposited layer contained Ag of high purity. The Ag:Zn ratio 
was around 1500:1, which was 20 times higher than Ag enrichment 
through EW (Ag:Zn ratio = 230:11), indicating the superior perfor-
mance of EDRR. However, H2 reduction as well as Zn corrosion were 
evident during the ED step, consuming most of the applied current and 
resulting in a charge efficiency (the electrical charge consumed during 
the ED compared to that of Ag stripping) of only 13 % [38]. However, 
when Cu served as the sacrificial metal (E1 = −0.3 V, Fig. 4b) in a HCl- 

based bottom ash leach solution, no competing H2 evolution occurred 
[39]. 

3.2. Au recovery 

Cyanide leaching is one of the most common hydrometallurgical 
processes for large-scale Au extraction from ore and is generally fol-
lowed by adsorption methods (carbon-in-leach or resin-in-leach) applied 
to the leaching solution to achieve further recovery of Au [80–83]. 
However, the cyanide-containing processes have a hazardous impact on 
both the environment and human health [84]. Several precious metal 
plants also operate with chloride-based media during Au refining [85], 
and hence cyanide-free and chloride-based processes are under devel-
opment [86–90]. A special characteristic of chloride-based media is the 
ability to stabilize dissolved Au and Cu complexes (e.g., monovalent Cu 
chloride complex). 

The recovery of Au in minor quantities from cupric chloride leaching 
solution by EDRR has been studied, where Cu is the sacrificial metal 
(Fig. 4c) [42–44]. EDRR enabled effective metal enrichment, demon-
strated by the increased ratio of Au:Cu from 1:340 (in the initial solu-
tion) to 3.3:1 (in the final product on the electrode), when applying 
EDRR in a solution containing 175 g L−1 NaCl, 1.2 g L−1 Cu, and 100 mg 
L−1 Au [42]. The energy consumption was 114.3 kWh kg−1 when 
recovering 8.4 % Au [42], indicating comparable performances of EDRR 
with EW at low Au concentrations (e.g., 112 kWh kg−1 in 5 mg L−1 Au 
cyanide solution) [34,91,92]. Moreover, EDRR exhibited higher current 
efficiency (40 % in 8 mg L−1 Au solution), as the value was generally <1 
% in EW (e.g., 10 mg L−1 Au solution) [35,93], suggesting the benefit of 
the RR step in EDRR. However, lower energy consumption (e.g., 5–15 
kWh kg−1) can be obtained by EW at higher Au concentrations (e.g., 100 

Fig. 4. EDRR processes applied to different metal pairs, including the cyclic voltammetry (CV) measurements and schematics of metal recovery. The shaded area in 
the CVs shows the potential regions applicable for the deposition potential E1. a) Ag|Zn. Reproduced with permission [38]. Copyright 2017, American Chemical 
Society. b) Ag|Cu. Reproduced with permission [39]. Copyright 2018, Taylor & Francis. c) Au|Cu. Reproduced with permission [42]. Copyright 2018, Elsevier. d) Pt| 
Ni. Reproduced with permission [22]. Copyright 2018, American Chemical Society. e) Te|Cu. Reproduced with permission [45]. Copyright 2020, Springer Nature. 
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Table 3 
Summary of the EDRR results for metal recovery.  

Recovered 
metal| 
sacrificial metal 
(Year) 

Recovery solution Media Investigated parameters Recovery 
limit 

Recovery result Ref. 
No. 

Ag|Zn 
(2017) 

Synthetic Zn process solution: 
Zn: 60 g/L 
H2SO4: 10 g/L 
Ag: 1 μg/L –250 mg/L 

Sulfate E1: −0.75, −0.70, 
−0.65 V vs SCE 
t1: 2–40 s 
E2: 0.25, 0.3, 0.35 V vs 
SCE 
n: 10–160 

1 μg L−1 

–250 mg L−1 
Ag on the electrode: 69 wt% 
Ag:Zn ratio in the final product: 
1500 
Ag:Zn ratio in the initial 
solution: 0.0017 

[38] 

Ag|Cu + Zn 
(2018) 

Lab-scaled bottom ash leach solution: 
Ca: 13.8 g/L, Al: 4.7 g/L, Cu: 2.5 g/L, Zn: 
1.2 g/L, Fe: 1.2 g/L, S: 1 g/L, Mg: 0.8 g/L, P: 
0.5 g/L, Pb: 0.2 g/L, Ag: 3.5 mg/L 
Synthetic solutions: 
Cu: 2.5 g/L, Zn: 1.2 g/L, Ag: 10 mg/L 

Chloride E1: −0.3 V vs SCE 
t1: 5, 10, 15 s 
E2: 0.3 V vs SCE 
t2: 1000 s 
n: 10 

3.5 mg L−1 Ag vs (Cu + Zn) ratio on 
electrode: 0.3Ag vs  
(Cu + Zn) ratio in initial 
solution: 6.8 × 10−5 

[39] 

Ag|Zn 
(2019) 

Synthetic Zn process solution: 
Zn: 60 g/L 
H2SO4: 10 g/L 
Fe2(SO4)3: 0–1000 mg L−1 

Ag: 100 mg/L 

Sulfate E1: −1600, −1500 mV 
t1: 1, 2.5, 5, 10, 20 s 
E2: −100 mV 
n: 100, 40, 20, 10, 5 
(total deposition time: 
100 s) 

100 mg L−1 Ag on the electrode: 83 ± 2 wt 
% 
Ag:Zn ratio in the final product: 
20.1 
Energy consumption: 
~8.5 kWh kg−1 

[40] 

Ag|Cu 
(2021) 

Synthetic Cu process solution: 
H2SO4: 49 g/L 
Cu: 320 mg/L 
Ag: 5.4 mg/L 

Sulfate E1: − 0.1 V vs Ag/AgCl 
t1: 0.2 s 
t2: 5, 10 s 
n: last about 427 s 

5.4 mg L−1  Pure Ag on the electrode [41] 

Au|Cu 
(2018) 

Synthetic Au process solution: 
NaCl: 120–175 g/L 
Cu: 1.2–2.7 g/L 
Au: 8–100 mg/L 

Chloride E1: −500, −475, −375, 
−320, −300, −275 mV 
vs SCE 
t1: 1, 5, 10, 20 s 
E2: 0, 300, 550, 600 mV 
vs SCE 
n: 10, 20, 250 

8–100 mg 
L−1 

Au:Cu ratio in the final product: 
3.3:1 
Au:Cu ratio in the initial 
solution: 1:340 
Energy consumption: 114.3 
kWh kg−1 

[42] 

Au|Cu 
(2019) 

Lab-scaled Au leach solution: 
Cu: 30 g L−1, Au: 1.2 mg L−1, Fe: ~1 g L−1, 
Co < 20 mg L−1, Ni < 20 mg L−1, Zn < 20 
mg L−1, Pb < 20 mg L−1, Na:11.9 g L−1, Ca: 
11.9 g L−1, Mg: 32 mg L−1, Al: 37 mg L−1, K: 
77 mg L−1 

Chloride E1: −350 mV vs SCE 
t1: 10 
t2: 30 s 
n: 2500 

1.2 mg L−1 Au on the electrode: >99 wt% 
Energy consumption: 
2.3 kWh kg−1  

[43] 

Au|Cu 
(2020) 

Synthetic Au process solution (aqueous) 
NaCl: 263 g L−1, CuCl2⋅2H2O: 10.2 g L−1, 
HCl: 364.6 mg L−1, Au: 98.5 mg/LSynthetic 
Au process solution (deep eutectic solutions) 
: 
Au: 98.5 mg/L, Cu: 10.2 g/L, Cl: 170.2 g/L 

Chloride Aqueous solution: E1: 

−0.35 V vs Ag/AgCl 
ChCl: EG: 
E1: −0.35 V vs Ag/AgCl 
t1: 10 
t2: 600 
n: 50 

98.5 mg L−1 Au on the electrode: 94 wt% 
(aqueous solution), 14 wt% 
(aqueous solution) 
Energy consumption: 
11.6 kWh kg−1 (aqueous 
solution), 9.7 kWh kg−1 (deep 
eutectic solution) 

[44] 

Pt|Ni + Cu + Ag 
(2018) 

Synthetic Ni process solution: 
Ni: 60 g L−1, H2SO4: 10 g L−1, Pt: 20 mg L−1, 
Ag: 10 mg L−1, Cu: ~1 mg L−1, 
Industrial base metal process solution: 
#1: Ni: 141–141 g L−1, Ag: 5.9 μg L−1, Pt: <
limit of detection, Fe: 16 g/L, Cu: 6 g/L 
#2: Ni: 141–141 g L−1, Ag: < limit of 
detection, Pt: < limit of detection, Fe: 4.2 
mg L−1, Cu: <limit of detection 

Sulfate E1: −750, −500, −175 V 
vs SCE 
t1: 2, 5, 8, 10 s 
E2: 175 mV vs SCE 
t2: 1000 s 
n: 10, 100, 200, 400 

< limit of 
detection-20 
mg L−1 

Pt on the electrode: 98 wt% 
(synthetic solution), 90 wt% 
(industrial solution #1), 85 wt 
% (industrial solution #2) 
Pt: Ni + Cu + Ag ratio in the 
final product: 33.6:1 (synthetic 
solution) 
Pt: Ni + Cu + Ag ratio in the 
initial solution: 3 × 104 

(synthetic solution) 
Enrichment of Pt: 105 (synthetic 
solution), 7.6 × 1010 (industrial 
solution #1),7.2 × 1010 

(industrial solution #2) 

[22] 

Te|Cu 
(2020) 

Lab-scaled Doré slag leach solution: 
Bi: 4.6 g/L, Cu: 3.9 g/L, Fe: 1.4 g/L, Na, Ba, 
As, B, and Pb: 1.4–6.4 g/L, Te: 421 mg/L  

E1: −500, −300, −100, 
+100, −50, +50, +150 
mV vs SCE 
t1: 2 s 
E2: −50, +50, +150 mV 
vs SCE 
t2: 1000 s 
n: 100 

421 mg L−1 Te on the electrode: 64 wt% [45] 

Te|Cu 
(2021) 

Lab-scaled Doré slag leach solution: 
Bi: 4.6 g/L, Cu: 3.9 g/L, Fe: 1.4 g/L, Te: 
100–500 mg/L  

Chloride E1: −500 mV vs SCE 
t1: 2 s 
E2: 150 mV vs SCE 
t2: 1000 s 
n: 100 

100–500 mg 
L−1 

Te on the electrode: 80 wt% 
Energy consumption: 
40 kWh kg−1 

[46] 

(continued on next page) 
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mg L−1) [35]. Hence, EDRR is typically targeted at solutions containing 
only minor amounts of the metals to be recovered. From an industrial 
chloride leaching solution tested on laboratory scale (1.2 mg L−1 Au, 
30400 mg L−1 Cu with other chemical compositions, Na, Ca, Fe, Co, Ni, 
Zn, Pb, Mg, Al, K), the purity of recovered Au reached over 99 wt% [43]. 

Beside the aqueous solutions discussed above, the EDRR process was 
also studied in a deep eutectic mixture of chloride solution 
((CH3)3NC2H4OHCl, ChCl) with ethylene glycol (1,2-ethanediol 
HOCH2CH2OH, EG). In comparison, a higher selectivity of Au recovery 
was achieved in aqueous solution due to the higher mass transfer (the Au 
purity was 94 wt% from aqueous solution, 14 wt% from ChCl:EG) [44]. 
The energy consumption of the EDRR process was similar in two types of 
solution, i.e., 11.6 kW h kg−1 in aqueous solution and 9.7 kWh kg−1 in 
1:2 ChCl:EG; these values are in the range of state-of-the art industrial 
process [94]. 

It was also indicated for the first time that Au reduction may occur 
via aqueous reduction close to the electrode surface [44]. Specifically in 
chloride-based media, the reduction of a CuCl2 complex to a CuCl32−

complex was shown to occur, and the reduced aqueous species triggered 
the consequent Au(I) deposition on the electrode during the RR step, 
indicating that the actual electrodeposition into metallic form is not 
indispensable in EDRR [54]. In ChCl:EG, a similar process was observed 
but with hindered kinetics due to the limited ionic conductivity. 

3.3. Pt recovery 

As a precious metal, Pt is scarce in the Earth’s crust [95]. In con-
ventional hydrometallurgy, Pt is a side product of the fabrication of Ni, 
Co, or Zn and is typically removed as a mixture of noble metals, which 
needs further purification in dedicated noble metal refineries 
[22,96,97]. EDRR has demonstrated the unique feature of recovering 
minute amounts of Pt in hydrometallurgical Ni process solutions 
(Fig. 4d) [22,52]. Again, the competing evolution of H2 occurs when the 
applied E1 is more negative than its onset potential. 

When applying EDRR in industrial solutions (Ni: >140 g L−1, Pt: <1 
μg L−1, Pd: <117 μg L−1, Ag: <4 μg L−1), the deposited electrode surface 
was found to contain ~90 wt% Pt with a Pt/Ni enrichment ratio of 1011 

[22]. The content of Pt recovered by EDRR increased 2- to 10-fold when 
compared to EW for the same electrodeposition potential and equal 
deposition time, indicating the effectiveness of EDRR when applied for 
lower-grade raw resources [22]. In addition to Ni, elements such as Cu 
and Ag also served as sacrificial metals when enough t1 was applied to 
allow their co-deposition, while precious metals such as Pd and Ag were 
obtained on the electrode before being fully replaced by Pt by control-
ling the t2 or n during RR [22]. As illustrated by this example, EDRR 
displays its flexibility in controlling the recovered species by means of 
parameter adjustment. 

3.4. Te recovery 

Tellurium is a rare metal element in the Earth’s crust, with a content 
of approximate 1 μg L−1 [98]. It is commonly applied in semiconductors, 
thermoelectrics, mechanic alloying, and CdTe solar panels with 
increasing demand [99–105]. The primary source of Te is the side 
product of the ER process for Cu. Conventional routes to recover Te 
combine hydro- and pyrometallurgical processes, e.g., pressure leaching 
from anode slime under an acidic and/or alkaline environment [106]. 
However, minute amounts of Te remain in the slime after these indus-
trial recovery processes and subsequent application of EDRR can prevent 
the loss of Te, enhancing both the environmental and economic sus-
tainability of Te production. Only a few studies have addressed the re-
covery of Te from solutions containing several hundred mg L−1 of Te 
[107,108]. Tellurium recovery by EDRR was shown to be possible from 
mg L−1-level Te-containing solutions, such as PLS derived from the aqua 
regia leaching of industrial Doré slag (contains Na, B, Ba, Bi, Cu, Pb, Fe, 
Mg, Al, Sb, etc.) [45,46]. 

To demonstrate Te recovery by EDRR, Cu was selected as the sacri-
ficial element, as the deposition potentials do not overlap in chloride- 
based solutions (Cu: ~ −150 mV vs SCE, Te: ~350 mV vs SCE) [45]. 
It is worth noting that the reduction potential of Cu decreases in 
chloride-based solutions due to the stability of monovalent Cu com-
plexes [109]. Tellurium also exhibits various oxidation stages in elec-
trolytes, depending on the pH and the presence of various elements 
[110,111]. The possible Te species in 30 % aqua regia medium are Te4+

ions or TeCl62− complexes, leading to a wide range of reduction poten-
tials (Fig. 4e, selection of E2: −50, +50, +150 mV vs SCE) [45,112]. In 
complex Te-containing solutions, co-deposition of other metallic impu-
rities is inevitable during the electrodeposition process; the metals co- 
deposited during the ED step also act as sacrificial elements, which are 
eventually replaced by more noble elements, i.e., Te dissolved in the 
solution. 

In the work of Halli et al., 64 wt% Te was obtained by EDRR from PLS 
(Te: 421 mg L−1) with a total electrodeposition time of only 200 s, 
whereas the Te content was only 55 wt% after 1200 s deposition within 
the EW process, indicating the mass-transport limitation of EW in a 
dilute solution [45]. Impurities such as Cu, Bi, and Sb are also co- 
deposited with Te during EW, affecting the recovery purity 
[113–115]. In conventional Te EW, the concentration of Te in industrial 
solutions is on the g L−1 scale [116], and the energy consumption of Te 
EW at a concentration of, for example, 35–350 g L−1 was 1.3–2.7 kWh 
kg−1 [37,113,117,118]. Although the energy consumption of EDRR was 
an order of magnitude higher than that of EW (14–63 kWh kg−1), the Te 
to be recovered in the solution was only from 500 to 100 mg L−1 [101]. 

Table 3 (continued ) 

Recovered 
metal| 
sacrificial metal 
(Year) 

Recovery solution Media Investigated parameters Recovery 
limit 

Recovery result Ref. 
No. 

Recovered 
metals 
(Year) 

Raw material Recovery 
method 

Operation time Recovery result Ref. 
No 
. 

Te 
(2020) 

Lab-scaled Doré slag leach solution: 
Bi: 4.6 g L−1, Cu: 3.9 g L−1, Fe: 1.4 g L−1, Na, 
Ba, As, B, and Pb: 1.4–6.4 g L−1, Te: 421 mg 
L−1 

EW + EDRR 96 h (EW) + 96 h 
(EDRR) 

Te on the electrode: 
37 wt% 

[45] 

Au 
(2022) 

PLS of ground telluride gold ore: 
Solids concentration: 200 g/L, 
Au: > 1 mg L−1 

Cupric chloride 
leaching + filtration 
+ EDRR +
precipitation 

150 h (14 rounds of the 
leaching-EDRR process, 
8 h for leaching in each 
stage) 

Au content in the final product: 58.2 % 
Au:Cu ratio in the final product: 1.4 
Au:Cu ratio in the initial solution: 
3.5 × 10−5 

Enrichment factor of Au: 40 000 
Energy consumption: 
31.4 kWh kg−1 in the first stage, 10–15 kWh kg−1 

in the following rounds 

[71]  
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3.5. Side reactions during EDRR 

In real industrial solutions with a complex multi-metal matrix, side 
reactions of the impurities occur as well (Fig. 5a), which affect the whole 
EDRR process, such as recovery amount, purity, and energy consump-
tion. Among all the impurities, Fe is a typical multivalent species present 
in hydrometallurgical processes [22,40,43]. For instance, the stainless- 
steel fragments of battery casings usually accumulate in the leaching 
solution during battery crushing-sieving pretreatment [40]. In both 
EDRR and EW, the presence of Fe impurities causes extra energy con-
sumption due to the reduction of Fe(III) species to Fe(II) species at the 
cathode: the higher the concentration of ferric species, the more energy 
consumption and lower current efficiency for metal recovery [40,119]. 
It worth noting that EDRR is more energy efficient when the concen-
tration of Fe(III) is lower than 100 mg L−1, and the energy consumption 
was 2.5 kWh kg−1 at a Fe(III) concentration of 10 ppm (EW: approxi-
mately 8 kWh kg−1 when Ag is 100 mg L−1). Hence the energy efficiency 
for Ag recovery by EDRR is competitive, even in comparison with re-
covery from a nonferrous solution, where the energy consumption of Ag 
EW was 4.56 kWh kg−1 (500 mg L−1 Ag) [25], 0.8 kWh kg−1 (1 g L−1 Ag) 
[120], and 1 kWh kg−1 (3 g L−1 Ag) [121]. However, EDRR consumes 
more energy than EW in a solution with a high concentration of Fe(III) 
(over 500 mg L−1), indicating that EDRR may have an energy efficiency 
limit in such solutions on industrial scale [40]. Moreover, the competing 
Fe(III)/Fe(II) reduction during the ED step causes less deposition of 
sacrificial metals, which also decreases the final yield of recovered noble 
metal [119]. On the other hand, dissolved Fe(III) species could have a 
positive effect on the purity of the recovered metal during EDRR, even at 
a low Fe concentration: as in a sulfate-based Ag solution, the Fe(III) 
species oxidize the deposited Zn as well, resulting in higher Ag purity 
(Fig. 5a) [40]. The competing Fe(III)/Fe(II) reduction has also been 
observed in a chloride-based Cu-Fe-Au solution, leading to an increased 
purity of Au product, i.e., the Au/Cu ratio was 3.7 in the presence of Fe, 
higher than the ratio of 2.9 without Fe [119]. 

The spontaneous corrosion of the deposited metals in the presence of 
oxidants is also a typical side reaction: for instance, Cu deposited in a 
chloride solution can be corroded by dissolved O2 or by Cu(II) (Fig. 5b) 
[44], and Zn deposited in an acid solution is corroded in the presence of 
H+ (Fig. 5c) [54]. Such corrosion processes increase the energy con-
sumption (lower current efficiency) for noble metal recovery, especially 
when the dissolution of sacrificial metals is rapid at the beginning of the 
RR step without participating in replacement. Another side reaction is 
the H2 evolution discussed above, which occurs in an acidic solution 
during the ED step (Fig. 5c). It is noteworthy, however, that corrosion 

products such as Cu(I) species and evolved H2 may further act as re-
ductants to recover noble metals, promoting the recovery of the end- 
product (Fig. 5b and c) [44,54,122]. 

3.6. Engineering aspects of metal recovery by EDRR 

As EDRR is not yet in full use on industrial scale, very few engi-
neering aspects related to EDRR have been published in the open liter-
ature. Utilities needed in the process are limited to the use of electricity 
(needed in the ED step as well as for the inlet solution pump), which 
dictates the operating expenditure (OPEX) values. Similarly to conven-
tional electrolysis cell equipment, one or several pieces of EDRR 
equipment can be run for state-of-the-art hydrometallurgical processes 
using alternative operating strategies (batch process, continuous pro-
cess, co-current, counter current) in parallel or in series [71]. Also, full 
(100 %) recovery by such an EDRR process cannot always be the target, 
and optimization has to be balanced between process time (flowrate) 
and target recovery, as well as holistic processing at the plant [71]. For 
instance, in the study of Te recovery from Doré slag PLS (Te: 421 mg L−1 

and other species at high concentrations, i.e., g L−1), EDRR was found to 
be competitive with EW when the Te content decreased to <300 mg L−1 

[45]. The Te content only increased by around 6 wt% on the electrode 
from 20 min to 96 h (55 wt% after 20 min) by EW. Nevertheless, the 
capacitive double-layer charging during EDRR that occurs at the 
beginning of each ED step reduces the energy efficiency. In addition, Te 
may also dissolve back into the electrolyte during the RR step. Thus, the 
combined operation of EW (96 h) and EDRR (96 h) in series was intro-
duced to maximize the Te recovery from Doré slag PLS at mg L−1 levels 
(Fig. 6a, >37 wt%). The combined EW + EDRR process could also be 
beneficial to the overall profitability of a copper factory, as Te is a side 
product resulting from the treatment of copper anode slime. 

To verify the feasibility on industrial scale, a pilot test of EDRR for Au 
recovery was studied [71]. Four-unit operations, consisting of cupric 
chloride leaching, filtration, EDRR recovery, and Cu precipitation, were 
run in semi-continuous mode. A solids concentration of 200 g L−1 was 
maintained in the PLS and the Au concentration in the solution for EDRR 
was kept above 1 mg L−1. After 150 h of continuous operation (8 h for 
leaching in each stage, 14 rounds of the leaching-EDRR process), over 
80 % of the dissolved Au had been recovered on the cathode (Fig. 6b, Au 
recovery gradually increases stage by stage), achieving a 68.5 % holistic 
recovery of Au from ore. The Au content of the final deposit was 58.2 % 
with an increased Au:Cu ratio from 3.5 × 10−5 (PLS) to 1.4 (cathode), i. 
e., an enrichment factor of 40 000. Compared to conventional cyanide- 
based technologies, the electro-hydrometallurgical chloride process not 

Fig. 5. Typical side reactions in the EDRR process. a) Metal impurity reaction. b) Metal corrosion. c) Hydrogen evolution.  
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only achieves higher Au leaching efficiency (approx. 90 %) directly from 
the ground ore to solution (cyanidation test: 64 %) but simplifies the unit 
operations after leaching (purification and concentration by carbon 
adsorption and elution in cyanide processes) [123]. Moreover, the EDRR 
cathode is continuously covered by a thin Cu-Au film, leading to less 
overpotential for the nucleation and growth of Cu. As a result, the 

energy consumption for EDRR declines with running time (31.4 kWh 
kg−1 in the first stage, 10–15 kWh kg−1 in the following rounds), indi-
cating the advantage of EDRR in longer processing time. As energy is 
only consumed during the ED step, EDRR is beneficial in optimizing the 
energy consumption in the whole pilot test. The simulated closed-loop 
operation suggested the potential to recover over 84 % of the Au on 

Fig. 6. EDRR conducted in cascade mode. a) Schematic of the proposed EW-EDRR route for Te recovery. Reproduced with permission [45]. Copyright 2020, 
Springer. b) Schematic of continuous pilot-scale experiment for Au recovery, inset: Au recovered from PLS in each round. Reproduced with permission [71]. 
Copyright 2022, Elsevier. 
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the EDRR cathode (Fig. 6b), further indicating the promise of EDRR in 
sustainable Au extraction [71]. 

The combined methods involving EDRR offer maximization routes 
for metal recovery from industrial solutions, not only advancing the 
sustainable circular economy of metals, but promoting the increase of 
EDRR to technology readiness levels in the future. However, to develop 
EDRR as a realistic alternative to conventional techniques to join the 
holistic industrial plant for metal processing, continuous optimization of 
performance and comprehensive assessment of the bottlenecks of the 
industrial scale process are still necessary. 

The material selection for EDRR equipment varies, as in any other 
metallurgical process design. The high acidity and high concentration of 
oxidative species in complex solutions challenge the selection not only 
of equipment but also of electrode materials. In laboratory-scale EDRR 
research, Pt has been the main electrode for Ag [38–40], Au [42,43], and 
Te [45,46] recovery, although a porous pyrolytic carbon electrode [22] 
has also served as the cathode for Pt recovery. However, these high value 
electrode materials are not typically applicable on industrial scale. 
Considering commercial materials with lower cost, a series of cathode 
materials such as C-2000 nickel alloy, grade 2 titanium, and 316L and 
654SMO stainless steels have been studied for EDRR in cupric chloride 
solutions [124]. 654SMO steel has been suggested as the most suitable 
electrode due to its high corrosion resistance (corrosion rate of 0.02 
mm/year) and cost effectiveness. In the open literature, there are no 
publications yet about anode material selection for EDRR. In industrial 
electrowinning, state-of-the-art anode materials are based on Pb or 
mixed metal oxides [125,126], whereas in EDRR operation, Pb could 
result in spontaneous cementation and potential losses of target metals. 
For collection, the deposited metals can be mechanically stripped away, 
similarly to conventional EW or ER. Chemical stripping (leaching), 
typically used for precious metals production (e.g., in concentrated HCl 
solution) or electrochemical stripping can also be used. 

4. EDRR for controllable metal deposits and their functional 
properties 

Sourcing directly from industrial process streams, EDRR leads to 
advances not only in metal recovery, but also in simple fabrication of 
diverse metal deposits, including Pt/Ni [52], Ag/Cu [53], Ag/Zn 
[54,55], Cu/Zn [56], and Cu/Zn/Ag [57] (Table 4). The morphology, 
structure, composition, and even the functional properties of the metal 
deposits obtained by EDRR are highly process dependent and thus 
controllable. EDRR is also compatible with various conductive sub-
strates, enabling selective functionalization of both metal deposits and 
diverse substrates. 

4.1. Morphology of EDRR deposition 

The metals recovered by EDRR can be porous deposits, micrometer- 
sized clusters, or nanoparticles, which are either individually distributed 
or form a continuous film. The metal deposition of EDRR is usually less 
compact compared to EW deposition (e.g., recovered Ag, Au, and Te), 
which is a result of base metal dissolution (Fig. 7a and b) [38,42,45]. As 
the RR step of EDRR takes place only with a small amount of sacrificial 
metal in each cycle, EDRR-based deposition is more homogeneous with 
less agglomeration compared to metals recovered by cementation 
(Fig. 7c and d, Ag particles recovered by EDRR were smaller) [53]. Also, 
H2 evolution causes uneven distribution of the local current, resulting in 
non-uniform morphologies (when Zn or Ni is used as the sacrificial 
metal, Fig. 7e) [22,38,40]. Moreover, the metal deposition obtained by 
EDRR is not always evenly distributed over the electrode: the current 
density at the edge of the electrodes is usually higher than in the center 
area, resulting in an increased deposition rate and bigger deposits [41]. 
In a flow cell with an alternating flux of electrolyte, bigger deposits of 
noble metal were observed on the inlet side (Fig. 7f), which was exposed 
to the fresh injected solution first. Non-homogenous distribution needs 

further investigation to build material design guidelines, especially for 
applications that require accurate metal nanoparticle distribution. 

4.2. Controllable metal deposition by EDRR 

4.2.1. Influence of EDRR parameters 
The elemental composition of the metal deposits can be tuned by 

means of EDRR parameters. A more negative E1 or longer t1 typically 
results in a higher concentration of sacrificial metals in the final surface. 
Taking Ag-based deposition as an example, the Zn content in Zn/Ag was 

Table 4 
EDRR for metal depositions and functional materials.  

Metals Precursor 
solution 

Media Investigated 
parameters 

Structure and 
functional 
properties of 
the metal 
depositions 

Ref. No. 

Pt/Ni 
(2018) 

Synthetic 
Ni process 
solution: 
Ni: 60 g/L 
H2SO4: 10 
g/L 
Pt: 100 
mg L−1 

sulfate i(cathodic) =
100 mA/cm2 

for 10 ms, i 
(anodic) = 20 
mA/cm2 for 
10 ms, total 
number of 
pulses: 74 (37 
cathodic- 
anodic pulse 
pairs) 
t2: 10, 30, 60, 
120, 240 s 
n: 10–30 

Jagged 
nanoparticles 
photocatalyst 

[52] 

Ag/Cu 
(2019) 

Synthetic 
Cu process 
solution: 
H2SO4: 
120 g/L 
Cu: 40 g/L 
Ag: 1–10 
mg L−1 

sulfate E1: −0.5, 
−0.1 V vs Ag/ 
AgCl 
t1: 50, 500 ms 
t2: 2, 50, 100 
150, 300, 600 
s 
n: 20 

Nanoparticles [53] 

Ag/Zn 
(2021)  

Synthetic 
Zn process 
solution: 
Zn: 65 g/L 
H2SO4: 10 
g/L 
Ag: 
0.5–50 
mg L−1 

sulfate E1: −1.65, 
−1.60, −1.55 
V vs SCE 
t1: 0.5 s 
t2: 0.5, 5, 10, 
20, 30, 50, 
100, 200 s 
n: 30 

Nanoparticles [54] 

Ag/Zn 
(2022) 

Synthetic 
Zn process 
solution: 
Zn: 65 g/L 
H2SO4: 10 
g/L 
Ag: 20 mg 
L−1 

sulfate E1: −1.65, 
−1.55 V vs 
Hg/Hg2SO4 

t1: 0.5, 1 s 
t2: 10, 20 s 
n: 400 

Dendrites and 
nanoparticles 
SPR 

[55] 

Cu/Zn 
(2022) 

Synthetic 
Zn process 
solution: 
Zn: 65 g/L 
H2SO4: 10 
g/L 
Ag: 200 
mg L−1 

sulfate E1: −1.55 V vs 
Hg/Hg2SO4 

t1: 0.3, 0.5 s 
t2: 5, 10, 20, 
40 s 
n: 200 

Spiky 
nanoparticles 
and coatings 
Corrosion 
resistance 

[56] 

Cu/Zn/ 
Ag 
(2022) 

Synthetic 
Zn process 
solution: 
Zn: 65 g/L 
Cu: 200 
mg L−1 

H2SO4: 10 
g/L 
Ag: 2 mg 
L−1 

sulfate E1: −1.55 V vs 
Hg/Hg2SO4 

t1: 0.3, 0.5 s 
t2: 5, 10, 20 s 
n: 400 

Nanoparticles 
and coatings 
SPR and 
corrosion 
resistance 

[57]  
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72 at% and 27 at% when utilizing an E1 of −1.65 V and −1.55 V, 
respectively [55]. It is understandable that the designated E2 or t2 of RR 
reactions has a significant influence on the composition of the metal 
deposit, as the interruption of RR leads to insufficient replacement of 

sacrificial metals. A longer t2 or more positive E2 enhances the content of 
noble metals in the final deposits and a longer t2 also facilitates the 
selective dissolution of sacrificial metals (e.g., by Fe impurity), further 
leading to the higher purity of noble metals on the electrode. When 

Fig. 7. Scanning electron microscope (SEM) 
images of metals deposited on the electrodes by 
EDRR. a) Te deposition by EDRR. b) Te depo-
sition by EW. (a-b) Reproduced with permission 
[45]. Copyright 2020, Elsevier. c) Ag/Cu par-
ticles obtained by EDRR. d) Ag/Cu particles 
obtained by cementation. (c-d) Reproduced 
with permission [53]. Copyright 2019, Elsevier. 
e) Effect of H2 evolution on EDRR deposition 
(round, lighter color spots). Reproduced with 
permission [38]. Copyright 2018, American 
Chemical Society. f) Distribution of Ag particles 
on the electrode after EDRR. Reproduced with 
permission [41]. Copyright 2021, Elsevier.   

Fig. 8. Influence of mass transfer limitation on EDRR deposition. a) SEM and OCP values of Ag/Zn nanoparticles obtained from solutions with different Ag con-
centrations and varying t2. Reproduced with permission [54]. Copyright 2021, American Chemical Society. b) Photos of Cu/Zn alloys, upper: no stirring with lower 
Cu content, lower: under stirring with higher Cu content. Reproduced with permission [56]. Copyright 2022, American Chemical Society. c) SEM of dendritic Ag/Zn 
nanoparticles. Reproduced with permission [55]. Copyright 2022, American Chemical Society. d) SEM of spiky Cu/Zn nanoparticles. Reproduced with permission 
[56]. Copyright 2022, American Chemical Society. 

L. Cui et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 465 (2023) 142737

12

changing t2 from 0 to 50 s, the Ag content in Ag/Zn increased from 0 to 
31 at% [54], and the Cu content in the Cu/Zn deposits changed from 27 
at% to 77 at% when the applied t2 was 10–40 s [56]. 

The size of the deposits tended to increase with t1 [53,55] or t2 
[52–54], as a longer electrodeposition time allows the formed nuclei to 
grow [127]. For instance, the Cu/Ag particles were 637 ± 144 nm and 
837 ± 323 nm when t1 was 50 ms and 500 ms, respectively [53], and the 
particle size of Ag/Zn was 39 ± 16 nm and 186 ± 100 nm when t2 was 5 
and 50 s, respectively [54]. It should be noted that the particle distri-
bution was less uniform especially for larger particles, due to Ostwald 
ripening; a similar phenomenon was also observed in Ag/Cu, Ag/Zn, and 
Pt/Ni obtained through EDRR [52–54]. The metal deposits grow with 
EDRR cycles as well [52,54,56], and the continuously growing deposits 
tend to coalesce with each other and form a complete layer [56]. 

4.2.2. Influence of mass transfer 
A low noble metal concentration significantly limits mass transfer 

during the RR reaction [128,129]. Either the noble metal content or the 
size of the deposited nanoparticle increases if a higher initial concen-
tration of noble metals is present in the solution (Fig. 8a) [54]. When the 
system is equipped with agitation, the RR reaction kinetics also changed 
with enhanced mass transfer [52–54]. To take two examples: the Cu 
content in Cu/Zn increased from 15 % to 67 % under stirring (Fig. 8b, 
the color of the alloy varies with the composition) [56]; the average sizes 
of Ag/Zn deposits were 39 ± 6 nm and 114 ± 52 nm with and without 
stirring, respectively [54]. However, the enhanced flow rate of the 
electrolyte during agitation may remove the metal deposit unless the 
adhesion between the metal deposits and the electrode surface is strong 
enough, implying that the optimization of solution movement is 
required [54]. 

Mass transfer can also be controlled using EDRR parameters to tailor 
metal deposits with different structures, such as dendritic Ag/Zn 
(Fig. 8c) and spiky Cu/Zn (Fig. 8d) [55,56]. Mass transfer limitation can 
be formed in either the ED or RR step. For instance, a higher over-
potential and longer t1 in the ED step results in more deposition of the 
sacrificial metal. At the same time, if a shorter t2 is applied in the RR 
step, there is insufficient migration of the metal species from the solution 
to the electrode, causing mass transfer limitation. Specifically, to obtain 
dendritic Ag/Zn, the gradient of Zn concentration formed first near the 
electrode due to the mass transfer limitation, then the growth of den-
dritic Ag/Zn started from the larger nanoparticles and enlarged into 
branch-like features gradually [55]. The spiky Cu/Zn alloy [56] was 
mainly the result of the screw dislocation of Zn atoms in the ED step due 
to the limited diffusion of Zn+ and hindered electron transfer. The H2 
produced and the lower Cu concentration as well as the shorter t2 further 

facilitated the formation of spiky structures [130–133]. Extended EDRR 
cycles are favorable to maintain such mass transfer limitation. 

4.3. Functional properties and applications of EDRR deposition 

EDRR deposition has demonstrated its potential usefulness for 
functional materials. For example, the Pt/Ni deposited on a TiO2 
nanotube exhibited strong activity for photocatalytic H2 evolution, 
which is important in contributing to clean energy and addressing the 
severe climate challenges in our society [52]. The higher the ratio of Pt/ 
Ni, the better the photocatalytic activity (Fig. 9a), and the composition 
of Pt/Ni nanoparticles can be controlled by the EDRR parameters [52]. 
Therefore, EDRR offers a sustainable circular economy platform to 
prepare photocatalysts, indicating the possibility of hydrometallurgical 
streams as a substitute for raw material sources for industrial catalyst 
production. 

Moreover, other metal deposits created by EDRR showcased further 
properties, such as surface plasmon resonance (SPR) and corrosion- 
resistance. SPR is a significant technique used in medical diagnostics, 
biological detection, environmental monitoring, food safety [134]. 
EDRR enabled the production of SPR surfaces also through the deal-
loying route, based on the distinct dissolution potentials of the alloyed 
metals (Fig. 9b and c) [55–57]. The structure, chemical composition, 
and crystalline phases of EDRR-based metal deposits play important 
roles in their corresponding functionalities. Specifically, dealloyed Ag- 
rich dendrites showed dual-peak SPR behavior (S1 and S2-S6 after 
dealloying in Fig. 9b), whereas a single peak was achieved both in Ag/Zn 
and dealloyed Ag-rich spherical particles (S2 after dealloying in Fig. 9b) 
[55]. A Zn-rich Cu/Zn coating (containing CuZn5 and Cu5Zn8 phases), 
on the other hand, exhibited lower corrosion resistance (with higher Jcorr 
in Fig. 9c) than a Cu-rich Cu/Zn coating (containing Cu0.75Zn0.25 and 
Cu0.85Zn0.15 phases) [56]. It is also noteworthy that EDRR allows the 
production of metal deposits with selective functionalities from the same 
multi-metal solutions: in a Zn process solution (with Zn, Cu, and Ag), the 
uniform Cu/Zn/Ag coating obtained was corrosion-resistant if Zn served 
as the sacrificial element; however, when using Cu as the sacrificial 
metal, the Cu/Ag nanoparticles formed exhibited SPR properties [57]. 
These findings are promising, given the early stage of EDRR research in 
multi-functional materials. 

4.4. Substrates for EDRR metal deposition 

Any conductive materials which are stable (i.e., no corrosion) in an 
EDRR solution can theoretically be substrates for deposition, such as 
glassy carbon utilized to obtain Ag/Zn, Cu/Zn, and Cu/Zn/Ag deposits 

Fig. 9. Functional application and properties of EDRR deposition. a) H2 evolution performances of Pt/Ni/TiO2 photocatalysts. Reproduced with permission [52]. 
Copyright 2018, Elsevier. b) UV − vis spectra of as-prepared EDRR samples (with varying E1, t1, and t2) before and after dealloying. Reproduced with permission 
[55]. Copyright 2022, American Chemical Society. c) Corrosion resistant performances of Cu/Zn samples obtained by EDRR with different t2, Zn-rich Cu/Zn: Ecorr of 
−1.39 V- −1.44 V vs Hg/Hg2SO4 and Jcorr of 10.9–25.7 μA/cm2, Cu-rich Cu/Zn: Ecorr of −0.67 V vs Hg/Hg2SO4 and Jcorr of 3.9 μA/cm2. Reproduced with permission 
[56]. Copyright 2022, American Chemical Society. 
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[54–57]. The selection of substrates should also consider the target ap-
plications. Based on the photocatalytic activity of TiO2, both flat TiO2 
and TiO2 nanotube have served as substrates in EDRR to create Pt/Ni 
catalysts for H2 evolution [52]. Thanks to their high surface area and 
electrical conductivity, carbon nanotube films have been used as metal 
enrichment substrates to support Cu/Ag nanoparticles [53], with po-
tential applications in sensors, catalysts, and antibacterial surfaces. To 
further implement EDRR in functional materials, the introduction of 
diverse patterned 2D and 3D substrates can improve the performance of 
the current applications and help to reveal totally new uses. 

5. Conclusions and outlook 

In summary, the EDRR method is beneficial both for metal recovery 
and creation of functional metal products directly from lower grade 
complex solutions, satisfying the principles of minimal incorporation of 
additional chemicals, electrification of metallurgy, and circular econ-
omy of materials. Compared to traditional hydrometallurgical pro-
cesses, EDRR is more efficient at recovering precious metals at the μg L−1 

or mg L−1 level from industrial process or waste solutions. Thus, EDRR 
can be a competitive and realistic option for recovery of noble metals 
from impure lower-grade solution. With technologically and economi-
cally feasible set-up, EDRR can have a substantial impact on industrial 
metal recovery and production. Regarding the fabrication of metal 
materials, EDRR enables the control of the morphology, structure, 
elemental composition, and functional properties of the metal deposits. 
However, EDRR is still under development, as energy efficiency needs 
optimization, the sustainability and material design based on EDRR also 
require further elucidation (Fig. 10). 

5.1. Development of EDRR with optimized energy consumption 

The energy consumption of EDRR is crucial when assessing economic 
and environmental perspectives. The energy consumption is determined 
by various factors within electrochemical processes, such as the applied 
potential and current efficiency. The applied potential is not only related 
to the required overpotentials at the cathode, but also the potential to 
overcome the resistance of the electrolyte and electrical contacts. The 
current efficiency is affected by H2 evolution, deposition/replacement of 
impurities, oxidation/reduction of multi-valence species, and electro-
chemical dissolution. The charging of the capacitive double layer at the 
beginning of each ED cycle also reduces the overall energy efficiency 
[122,135]. In addition, the longer the EDRR process, the more electrical 
energy consumed. Better understanding of the limiting factors is bene-
ficial for further optimization of the EDRR parameters toward energy- 
efficient operation. 

Moreover, the RR reaction can be in the form of a solid–liquid re-
action (deposition on the electrode surface), gas–liquid reaction (gas 
evolution), or even liquid–liquid reaction. One proof of a liquid–liquid 
reaction is the reduction of dissolved Au by the Cu(I) in solution [44]. 

Such a phenomenon triggers further speculation, i.e., a lower oxidation 
state of multivalent metal species (less noble) may be enough to recover 
noble metals in solution. From this point of view, the excessive charge 
applied to reduce the sacrificial metal species to its elemental state (i.e., 
zero valence, solid) seems to be “wasted”. If the oxidation states or the 
partial reduction of the sacrificial metal species (e.g., Cu(II) → Cu(I), Fe 
(III) → Fe(II)) in the solution can be controlled well, the energy con-
sumption of the overall recovery process will be reduced. An end- 
product of higher purity will also be achieved, as no sacrificial metal 
appears on the surface in such a process. 

5.2. Development of EDRR with improved circular sustainability 

With increased demand for recycling electronic waste, catalysts, 
solar cells, batteries, bottom ash, EDRR is attractive in terms of 
numerous potential metallurgical solutions. Further research to reveal 
the influence of different impurity species on recovery efficiency (e.g., 
purity of end-product and selectivity) is of great importance. The re-
covery and/or impurity management by EDRR would be an efficient 
option to prevent material losses and further increase the market value 
of the metal production. Moreover, if the trace metals (μg L−1 – mg L−1) 
present in recyclable wastes are fully utilized by EDRR, the corre-
sponding environmental burden of virgin production (e.g., the losses of 
metal to landfill) can be alleviated. It is necessary to evaluate the holistic 
performance, e.g., by simulation-based life cycle analysis to confirm the 
sustainability of any new process [136–139]. To consider the principles 
of the circular economy further, the equipment construction materials (i. 
e., electrodes and electrolysis cell) and their environmental footprint 
should be investigated. The electrode materials can also be sourced from 
diverse waste materials. For instance, carbonized food industry waste 
and polysaccharides are promising building blocks for constructing 
highly controlled porous 3D electrodes for EDRR. 

5.3. Development of EDRR for the design of functional materials 

EDRR has already been employed to create Pt photocatalysts for H2 
generation from a simulated hydrometallurgical solution [52], indi-
cating that EDRR can support material sufficiency in the hydrogen 
economy and thus contribute to renewable energy. The suitability of 
diverse functional materials by EDRR from various waste materials for 
large-scale production and their quality in commercial applications will 
be continuously developed and improved. More applications based on 
single metal, bi- or multi-metals, such as catalysts, plasmonic sensors, 
energy conversion and storage, as well as antibacterial/antiviral appli-
cations, can be explored with the materials created by EDRR. Numerous 
functional 3D networks are promising as electrodes for EDRR to achieve 
modification of the inner surface, suggesting the potential of EDRR in 
applications based on porous or crosslinked structures. For instance, in 
photocatalytic applications, the collection of incoming light needs to be 
optimized, which could be achieved upon different porous networks 

Fig. 10. Future prospects of EDRR.  
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with a surface modified by EDRR. Through precise control of the ma-
terials with their morphology, distribution, composition, and crystalline 
structure, the design of stimuli responsive materials can also be coupled 
with EDRR to realize more complicated functions, such as light or 
thermally trigged antibacterial, sensing, or catalytic behaviors. Thus, 
various potential applications based on EDRR methodology are yet to be 
explored. 

Overall, EDRR offers an efficient approach for refining valuable 
metals and even manufacturing functional materials directly, exploiting 
the currently underutilized hydrometallurgical process solutions to 
advantage. EDRR routes tapping into enhanced energy efficiency, 
improved circular economics, and wider application fields, are expected 
to contribute to existing and future materials in an environmentally 
sustainable way. 
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