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ABSTRACT: Electrodeposition, which is an eco-friendly process with high
eﬃciency, is one of the most promising technologies for metal recovery.
However, the kinetics are often limited by the polarization and uncontrollable quality of deposits during the electrodeposition process, which restrict
the eﬃciency and controllability of metal recovery. To ameliorate the
limitations of the deposition rate and as-formed deposit quality, transient
electrodeposition was introduced to control the microinterfacial reaction by
regulating the relationship between charge and mass transfer. The Cu2+
removal eﬃciency and kinetic coeﬃcient during 1 kHz transient electrodeposition were 17.4 and 17.7% higher than those under the conventional
steady electric stimulus, respectively. Based on the combined results of X-ray
photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDS), it was found that the chemical composition of
the deposits from transient electrodeposition was more homogenous, as indicated by the low content of metal oxides. The in situ
Raman spectra explained the homogenous composition based on the weak interaction of the electrode with the anions during the
transient electrodeposition, which was mainly due to the enhanced dehydration under the oscillating or alternating electric ﬁeld. The
potential oscillation induced by the transient electric ﬁeld also facilitated dehydration, charge transport, and mass transfer, which led
to rapid and high-quality metal recovery. Transient electrodeposition will have a great guidance value in the ﬁeld of metal
electroplating and heavy metal recovery from wastewater by electrodeposition.
KEYWORDS: transient electrodeposition, oscillated electric ﬁeld, microinterfacial reaction, charge and mass transfer
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electrodeposition.6,7 The regulation of the microinterfacial
reaction is also an eﬀective approach to improving the
electrodeposition kinetics. The rate-determining step of the
complicated interfacial electrochemical process varies as
deposition progresses. The reaction often commences when
the electron energy crosses the energy barrier caused by the
transformation of a substance from a normal to an active
transition state.8,9 As deposition proceeds, the depletion of the
reactant cannot be suﬃciently replenished at the interface due
to the slow liquid transfer, which becomes the main kinetic
limitation. It has been found that the unifying and balancing
polarization by regulating the microinterfacial reaction can
break the shortboard during electrodeposition.
The regulation of the microinterfacial reaction can also
ameliorate the apparent morphology, microstructure, and
chemical composition of as-deposited products, which are
common indicators used to characterize the quality of deposits.

INTRODUCTION
Metal mineral resources are the foundation of industrial
development, which inﬂuences the overall national economy.
The eﬃcient recovery of metals from industrial waste liquids is
vital for maintaining a sustainable and developing national
economy.1 Electrodeposition, an important technology that
can promote this, has driven great interest in metal recovery
from multicomponent waste liquid because it is free of
additives, does not cause secondary pollution or require
subsequent disposal, and its process can be controlled easily.2
However, the stepwise and eﬃcient recovery from diluted
waste liquid remains challenging as eﬃcient mass transfer of
target metal ions is diﬃcult in complex electrolytes
accompanied by diverse side reactions.3
The challenge of conventional electrodeposition is largely
due to the suppression of the depositing eﬀect caused by the
polarization that is ensued from the conﬁned material transfer,
which mainly leads to decreased electrochemical kinetics and
low current eﬃciency. To address the issues caused by slow
material transfer and an unevenly distributed current, previous
studies explored the macroconﬁguration or hydromechanics
transformation, including optimizing the design of electrodes
and reactors and enhancing liquid ﬂow.4,5 Additionally, most
methods have attempted to add a concentration process before
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10% HCl for 10 min and then rinsed with water before
undergoing electrodeposition.
The in situ Raman spectroscopy was conducted in a
commercially available spectro-electrochemical cell, with a
gold sheet, platinum wire, and Ag/AgCl reference as the
working, counter, and reference electrodes, respectively
(Figure S1). A silver electrode was selected as the substrate
to prevent the interference of changes in the copper electrode
during the Raman examination. The silver electrode was
pretreated by chemical (soaking in 4 M nitric acid) and
electrochemical (pulse-reverse electric supply in 0.1 M
HClO4)22 etching to enhance the Raman signal.
Kinetic Performance under Steady and Transient
Electrodeposition. A schematic diagram of electrodeposition
equipped with a cathode potential measurement is shown in
the Supporting Information (Figure S2). In this study, a direct
current power supply (DH, DH1765-1) and function
generator (Rigol, DG1022) were used to supply direct current
(DC) and square wave (SW) signals in order to investigate
steady and transient electrodeposition. The voltage of the SW
was 0−4 V with a duty cycle of 50%, while DC voltages of
2.00, 2.83, and 4.00 V were applied, which were equal to the
average, eﬀective, and maximum values of SW, respectively.
The calculation equations of the average and eﬀective values of
the SW were displayed in the Text S1. Additionally, 100 mL of
the binary nitrate solution was treated under 50 Hz, 400 Hz,
and 1 kHz conditions to explore the eﬀect of SW frequency
(f ′). The samples were collected at 30 min intervals and the
deposits were then placed in a vacuum oven for characterization. The concentration of Cu and Ni over time were
measured by inductively coupled plasma-optical emission
spectroscopy (ICP-OES; 5110VDV, Agilent, USA) to
investigate the change of the metal concentration and calculate
the reduction potential of Cu and Ni. Each experiment was
conducted in triplicates. The cathode potential was recorded
using an electrochemical workstation (Gamry, 600+, USA).
The pH changes of the electrolyte were tested simultaneously
to correct the cathode potential. The algorithm of cathode
potential and reduction potential of Cu and Ni are shown in
the Text S2. To verify the applicability of transient electrodeposition, the eﬀects of pH, nitrate, chloride ion, ethylene
diamine tetraacetic acid (EDTA), Cu/Ni concentration ratio,
and resistance change were investigated. The experimental
methods are illustrated in the Text S3. The kinetic performance of steady and transient electrodeposition was quantiﬁed
based on the Cu and Ni removal eﬃciencies and kinetic
coeﬃcients. The kinetic coeﬃcient was calculated using a
quasi-ﬁrst-order kinetic model as Cu2+ was the only reactant in
the binary nitrate solution. The detailed formulae are given in
eqs 1 and 2.

The mutual relationship of material transfer in the electrode
microregion can aﬀect the deposit morphology.10−13 For
example, the competitiveness between electromigration and
diﬀusion suppresses lithium dendrites.12 Mukherjee13 also
reported the positive inﬂuence of high charge transfer
resistance and low mass transport resistance on the macrouniformity of deposits. Most studies on chemical composition
control focused on the development of new electrode materials
for enhancing the agglomeration of the material of interest on
the electrode’s surface and ensuring weak interactions with
coexisting impurities.14−19 The interfacial electrochemical
reaction involves a series of steps, including the liquid mass
transfer, interfacial chemical/electrochemical reaction, adsorption/desorption, and structural reorganization, which co-aﬀect
the generation and gathering of active reactants at the
electrode microinterface during the dynamic process. Adjusting
the relationship between charge and mass transfer in the
microregion near the electrode will facilitate the eﬀective
transportation of target reactants and eliminate any interference to achieve eﬃcient and high-quality metal recovery.
Recent studies have suggested the great potential of using nonuniform electric ﬁelds in reactant replenishment and
accumulated product discharge near the surfaces of electrodes,
particularly in lithium battery manufacture and CO2 reduction,
and suggested that a distinctive microinterfacial reaction can
also be achieved via non-uniform electrodeposition to produce
deposits with better quality.20,21
In this study, an electrodeposition method for controlling
the microinterfacial reaction via a non-uniform electric ﬁeld
was introduced to achieve faster and better-quality metal
recovery under the condition of equivalent energy consumption than conventional electrodeposition. The strategy
involved the application of an oscillating or non-uniform
electric ﬁeld to regulate the eﬀective material transfer in the
electric double layer. Diﬀerent electric ﬁeld phases altered the
electrode potential and liquid mass transfer, thereby breaking
the barrier to electrochemical and concentration polarization.
The kinetic behavior and deposit properties of elemental
copper from steady and transient deposition were compared
under the premise of stepwise deposition from a binary metal
solution (copper and nickel). Additionally, the concurrent
cathode potential and the in situ Raman spectra were recorded
to reveal the unique dynamic response of the interfacial
reaction and liquid mass transfer induced by the potential
oscillation during transient electrodeposition. This study
provides theoretical guidance for regulating the deposition
rate and deposit quality of metal recovery.

■

EXPERIMENTAL SECTION
Chemicals and Materials. Cu(NO3)2·3H2O and Ni(NO3)2·6H2O were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China). Approximately, 3.775 g of
Cu(NO3)2·3H2O and 4.954 g of Ni(NO3)2·6H2O were
dissolved in 1 L of water with 20% sulfuric acid to adjust the
pH to 3. Ultrapure water was produced using a Millipore
DirectQ puriﬁcation system.
The electrodeposition process was conducted in a twoelectrode conﬁguration. A copper plate (2 cm × 2 cm) and
IrO2/RuO2@Ti mesh (2 cm × 2 cm) were used as the cathode
and anode, respectively, and a platinum plate and a Ag/AgCl
electrode were used to measure the cathode potential as the
counter and reference electrodes, respectively. All electrodes
were ultrasonically cleaned with ultrapure water, acetone, and

Removal efficiency (%) = (C0 − Ce)/C0 × 100%

(1)

kinetic coefficient (min−1) = d[ln(C0/C)]/dt

(2)

where C0, Ce, and C are the initial, ﬁnal, and arbitrary Cu2+
concentrations, respectively.
Characterization of the As-Prepared Products. The
surface morphology of the deposits under steady and transient
electric ﬁelds with diﬀerent f ′ values was imaged using a highresolution ﬁeld-emission scanning electron microscope
(FSEM; Zeiss, Merlin, Germany) followed by energydispersive X-ray spectroscopy (EDS) to obtain the surface
chemistry information. Three to six points were selected to
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Figure 1. Concentration change (a) and removal eﬃciency (b) of Cu and Ni under steady and transient electrodeposition with diﬀerent f′ values.
The initial concentration of Cu/Ni ions was 1 g/L. The voltage of DC and SW were 2 and 0−4 V with a 50% duty cycle, respectively. A copper
plate (2 × 2 cm) and IrO2/RuO2@Ti mesh (2 × 2 cm) were used as the cathode and anode, respectively.

SW. Therefore, steady electrodeposition was conducted at 2.00
V in the subsequent experiment.
Figure 1a shows the concentration change of Cu2+ and Ni2+
over the deposition time under the steady and transient electric
ﬁelds with diﬀerent f ′ values. For both the steady and transient
electrodeposition, the Cu2+ content decreased gradually, while
that of Ni2+ remained almost stable, indicating that Cu2+ was
always prioritized in the reduction competition between Cu
and Ni ions. Regarding the cathode potential throughout the
deposition period (Figure S4), the electrode potential was
always between the reduction potentials of Cu2+ and Ni2+.
Although the cathode potential was below the Cu and Ni
Nernst potentials when the periodic electric level changed to
the more negative phase, Ni reduction rarely occurred (Figure
2b). The subtle diﬀerence in the transient electrodeposition

measure the relative element contents of the deposits, and the
average results were calculated after normalization.
X-ray photoelectron spectroscopy (XPS; Thermo Fisher,
ESCALAB 250Xi, USA) was conducted to investigate the
oxidation states of Cu and O in the as-prepared deposits. The
measurements of both Cu and O were conducted using a
monochromatic Al Kα X-ray source operated at a pass energy
of 30 eV and step size of 0.05 eV. The binding energy scale
referenced the standard C−C signal. The relative proportion of
diﬀerent oxidation state would be estimated via the peak area.
The X-ray diﬀraction patterns were obtained using an X-ray
diﬀractometer (XRD; Rigaku, SmartLab, Japan) equipped with
Cu Kα radiation (wavelength = 1.54059 Å), with a scanning
rate and range of 0.02°/s and 3−80°, respectively.
In Situ Raman Spectroscopy of Steady and Transient
Electrodeposition. All Raman spectra were collected using a
confocal Raman microscope (Renishaw, InVia, UK). The
electrode’s surface was vertically illuminated with a 785 nm
laser using a 50× working objective lens. A CCD detector was
used to collect the Raman signals in the wavenumber range of
200−1200 cm−1 with an acquisition time and laser intensity of
20 s and 5%, respectively, for steady, 50 Hz, and 1 kHz
transient electrodeposition. To further reﬂect the dynamic
change of the electrode’s surface during the transient
deposition process, the Raman spectra with a higher temporal
resolution were recorded under the static mode with an
acquisition time and laser intensity of 1 s and 50%,
respectively, during DC, 50 Hz, and 1 kHz SW electrodeposition. The wavenumber was centered at 830 cm−1 to
obtain a Raman spectrum ranging from 205 to 1350 cm−1.

■

RESULTS AND DISCUSSION
Improved Kinetic Performance in the Oscillated
Electrochemical System. As copper and nickel are common
heavy metals in industries that generate waste heavy metals, a
binary copper−nickel nitrate solution was used as the
electrolyte to ensure that the studied electrode reaction
process was close to the actual electrodeposition operating
conditions. First, the proper voltage of the DC input was
determined according to the Cu−Ni stepwise performance, as
shown in Figure S3. The decline in the Ni2+ concentration and
blue deposit in the as-formed products indicated that the
separation eﬀect was weaker under 2.83 and 4.00 V,
respectively. In contrast, the concentration change and deposit
morphology were similar to those under SW electro-reduction
at a DC voltage of 2.00 V, which was the average value of the

Figure 2. Cathode potential (a,b) during steady and 1 kHz transient
electrodeposition, respectively. (c) Concurrent current throughout
the 10 h deposition period. (d) Mechanism of the kinetic
performance of the steady and transient electrodeposition.

was reﬂected by the slight ﬂuctuation of the Ni 2+
concentration, with less than 5% removal of Ni2+ throughout
the process (Figure 1b), suggesting that better stepwise
performance was achieved in the non-uniform electric ﬁeld.
The Cu removal eﬃciency and kinetic coeﬃcient under steady
and transient electric ﬁelds with diﬀerent f ′ values were also
compared, and the kinetic coeﬃcient was calculated via a ﬁrstorder reaction kinetic model as Cu2+ was the sole reactant of
15382
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electrodeposition in the electrolytes. Among the four
conditions, the highest removal eﬃciency and fastest kinetic
performance were achieved under 1 kHz transient electrodeposition, with a Cu2+ removal eﬃciency and kinetic
coeﬃcient of 83.8% and 0.00242 min−1, respectively, which
were 17.4 and 17.7% higher than those of steady electrodeposition. The Cu removal eﬃciency under the 400 Hz
transient electric ﬁeld was also higher than that under DC,
although the kinetic coeﬃcient was similar to that of DC
(0.00207 and 0.00206 min−1 for the 400 Hz transient and DC
conditions, respectively), while the Cu recovery eﬃciency and
rate of 50 Hz transient electrodeposition were the lowest
among the four conditions, with a removal rate of 66% and
kinetic coeﬃcient of 0.0018 min−1 over the 10 h deposition
period (Figure 1b). Additionally, the transient external ﬁeld
exhibited a higher graded metal deposition than the steady
ﬁeld. As shown in Figure 1b, the Ni removal of the transient
electrodeposition was lower than that of the steady process,
with the eﬃciency of less than 5%. The relatively large error in
Ni eﬃciency mainly originated from the irregular generation
and transformation of Ni intermediates, which led to the
ﬂuctuations in Ni removal eﬃciency among the repeated
experiments. Moreover, 1 kHz transient electrodeposition on
diﬀerent electrolytes were conducted in this study to explore
the eﬀect factors in the transient electrodeposition. The
existence of chloride ions could enhance the removal eﬃciency
of metal ions due to the diﬀerence in macroscope deposit
morphology compared to nitrate ions (Figure S5). The slight
decrease in nitrate and chloride ions during the 1 kHz transient
electrodeposition implied the subtle reduction of NO3− and
oxidation of Cl− (Figure S6). EDTA could suppress the metal
electrodeposition because metal ions would form a complex
state with EDTA, which aﬀected the kinetic performance and
deposit morphology (Figure S7). The electrodepositing
performance under diﬀerent Cu/Ni concentration ratios
indicated that the transient electrodeposition could maintain
a good stepwise eﬀect within a certain concentration range, but
the increase in Ni concentration would still aﬀect the Cu
deposition kinetics and purity of the deposit due to the
increase in the competitiveness of Ni reaction (Figure S8). It
was found that the anion type, EDTA, and concentration ratio
would play a certain role in the electrodepositing process, but
the transient electrodeposition still exhibited a wide applicability in diﬀerent solution conditions. According to the
removal eﬃciency and kinetic coeﬃcient, using an alternating
electric ﬁeld with high frequency could also achieve relatively
faster deposition kinetics, which was similar to the ﬁnding of a
previous study by Deutsch Moshe.23
To further explore the mechanism of the improved kinetic
performance of the transient electrodeposition, the concurrent
cathode potential and current were recorded throughout the
deposition period (Figure 2). The current recorded under a
steady electric ﬁeld ranged from 10 to 25 mA, while that under
transient conditions was almost 3.5 times higher (Figure 2c).
The current results conﬁrmed the higher Cu2+ removal and
faster kinetics under transient electrodeposition, to an extent.
According to current change over the deposition with diﬀerent
volumes (Figure S9), the increasing current originated from
the reduced charge transfer and mass transport resistance
caused by the increase electrode area and electroconductivity,
and the enhanced hydrogen evolution. As the electrodepositing
time went by, the deposited Cu increased the electrode area
and roughness, and thus increased the possibility of Cu2+

Article

capture. However, the current eﬃciency under the transient
process was estimated to be 20% lower than that under the
steady condition, implying that the side reaction might occur
heavily in the oscillated stimulus. The synchronous acceleration of hydrogen evolution and rapid replenishment of H+
that occurred in the diﬀerent phase of the oscillated stimulus
were the main reasons for lower current eﬃciency, as indicated
by the ever-decreasing pH value (Figure S10). Additionally,
the inductance existed in the oscillated electrochemical system
also aﬀected the current eﬃciency. Regarding the concurrent
potential change, it was found that the potential had
alternating characteristics, with a high temporal resolution
under transient electrodeposition (Figure 2b). The electric
potential of the 1 kHz SW signal initially ranged from −0.65 to
0.25 V, while the ﬁnal potential ranged from −0.3 to 0.05 V.
Moreover, the amplitude of the cathode potential declined
gradually throughout the electrodeposition process, which was
due to the reconstruction of the cathode surface and interfacial
electric double layer. Additionally, the attenuated amplitude of
the 1 kHz potential oscillation was the highest among the three
f ′ values, which was conﬁrmed by Colussi,12 who reported that
the decreasing amplitude of polarization alternating with
suﬃciently high f ′ gradually converged to DC charging (Figure
S11). Under this potential oscillation, the electrode potential
was below the reduction potential of Ni2+ when the phase
reached a more negative electric level. In contrast, the cathode
potential under steady electrodeposition remained within an
electric level close to the average result of the high and low
electric potential of the alternating signal, which exceeded the
Ni reduction potential throughout the process (Figure 2a).
Nevertheless, the Ni removal eﬃciency was below 5% under
the transient electric stimulus, while Ni removal under steady
electrodeposition was slightly higher. We further studied the
oxidation state of Ni from the deposit under the steady
electrodeposition (Figure S12). It was found that majority of
Ni in the deposit existed in the forms of NiO and Ni(OH)2,
indicating that the Ni2+ coordinated with solvents and anions
at the cathode rather than Ni reduction during the electrodeposition.24−26
The macropotential change of both steady and transient
electrodeposition remained within the range of −0.15 to −0.1
V, which was between the reduction potentials of Cu2+ and
Ni2+ (Figure S4). The non-uniform electric signal did not
reverse the relative potential level of the cathode and anode,
indicating that the alternating potential only changed the ion
migration rate from a macroperspective, rather than the
direction. However, in the region close to the electrode, the
structure of the electric double layer was disturbed by the
potential oscillation, and the reactant concentration distribution was renewed. Consistent with the phenomena discussed
above, the non-uniform electric signal not only caused the
cathode potential to change transiently but also aﬀected the
detailed charge-transport dynamics at the electrode interface,
which led to faster kinetics and better stepwise deposition. As
discussed by Huang and Zhang,27 the higher current density
due to the more negative potential of the alternating electric
ﬁeld facilitated the nucleation of crystals, thereby improving
the metal deposition eﬃciency. According to the model based
on the energy state distribution,28 the charge transfer rate and
eﬃciency depended on the overlap between the Fermi level of
the solid electrode and energy state of the metal ions (Figure
2d). The high and low potential levels of the alternating ﬁeld
and steady potential were assumed to be ψ3, ψ1, and ψ2,
15383
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Figure 3. Surface morphology (a) and chemical composition (b) of the deposits from steady and transient electrodeposition. (a) I to IV present the
microsized dendritic morphology of deposits under the steady and transient electric ﬁelds with diﬀerent f ′ (DC, 50 Hz, 400 Hz, and 1 kHz). (b)
Element contents and distribution of Cu, Ni, and O. The surface elemental distribution is the result of the 1 kHz-deposited product.

respectively, and they increased in the order of: ψ1 < ψ2 < ψ3
(anodic potential was considered as the positive direction).
The Fermi levels corresponding to ψ1, ψ2, and ψ3 decreased
sequentially, which contributed to the successively decreasing
overlap with the unoccupied energy state of the metal ions.
Accordingly, the reduction kinetic performance followed a
monotonic order of k3(ψ3) < k2(ψ2) < k1(ψ1). As the energy
state of the metal ions was not linearly distributed, the overlap
of ψ1 was much higher than that of ψ2, even though the
duration of ψ1 was half that of ψ2 within one period. Hence,
the total reduction kinetics of the alternating electrodeposition
method outperformed the steady method. However, the
superior kinetic performance was susceptible to the solution
environment near the electrode. The unsatisfactory removal
eﬃciency under 50 Hz transient electrodeposition resulted
from the obstruction of solvent and anions because the
weakened collision caused the reduced elimination of solvent
and anions from the cathode, which would be expanded in
detail in the following discussion. In addition, the rare
reduction of Ni2+ in the binary could also be explained by
the unmatched relationship between the Fermi level and the
energy state of Ni2+. Even though very little overlap of the
energy state occurred at ψ1, the ultrashort duration still
hindered the progress of the reduction in such a highfrequency transient electric ﬁeld.15 On the other hand, the rare
Ni reduction might result from the suppressed charge transfer
by Ni intermediates. According to the composition analysis of
Ni in the as-formed deposit under the steady electrodeposition
(Figure S12), the Ni2+ coordinated with solvent and anions to
form NiO and Ni(OH)2 due to the increase in pH values at the
cathodic microregion caused by the H+ consumption, and the
process occurred heavily at ψ1.29 The Ni intermediates formed
at ψ1 were more diﬃcult to transfer to reduced Ni. Besides, Ni
intermediates might transform to Ni2+ at ψ3 due to the
replenishment of hydrogen ions, which led to the low removal
of Ni under the transient electric ﬁeld.
High Quality of the Deposits from Oscillated Electrodeposition. A series of characterizations of the as-formed
deposits from steady and transient electrodeposition was
conducted to evaluate the superiority of the transient

deposition in terms of structure and chemical composition.
As shown in Figure S13, the deposits from steady and transient
electrodeposition had similar morphologies. Microscopically,
the Cu deposits exhibited dendritic growth, with microsized
crystals growing around the main axis. Among the deposits, the
crystal size of the 50 Hz transient deposition was smaller, and a
multitude of irregular grains grew on the surface of the 1 kHz
transient deposit (Figure 3a). Surface chemistry analysis
showed that all of the deposits contained Cu, Ni, and O
(Figure 3b), and the mapping images indicated that all
elements were evenly distributed in the as-formed deposits.
Additionally, O and Ni contents of the sample obtained from
steady electrodeposition were 4.16 and 2.44%, respectively,
which were higher than those of the other transient deposition
processes. Notably, the average value of O content of deposit
under 400 Hz transient conditions seemed to be lower than
that under 1 kHz condition, however, the standard deviation
was relatively large. The diﬀerence in O content between these
high-frequency conditions was found to be insigniﬁcant via a
diﬀerence test (P > 0.05). Additionally, XPS results that were
discussed below also exhibited similar proportion of elemental
copper in the deposits under both 400 Hz and 1 kHz transient
process. Hence, the diﬀerence of in chemical composition
under transient electrodeposition with higher f ′ was ignorable.
Moreover, the high-frequency transient process could recover
more homogeneous products with low oxygen and nickel
contents, which is consistent with the aforementioned stepwise
results.
To further conﬁrm the chemical composition of the asformed deposits of steady and transient electrodeposition, both
Cu 2p and O 1s XPS spectra were analyzed to investigate their
diﬀerent elemental oxidation states (Figure 4a). The 2p3/2
peaks of Cu0, Cu+, and 1s peaks of M−O, M−OH, and H2O
were detected with characteristic binding energies of 932.4−
932.6, 933.1, 529.2−531, 531.5−532.2, and 532.8 eV,
respectively.30,31 The XPS results of DC, 50 Hz, 400 Hz,
and 1 kHz SW are displayed successively from the top to the
bottom of the ﬁgure, with a displacement toward high binding
energy. Zhao, et al.32 also observed the peak shifts of Ni and Fe
in NiFe(oxy)hydroxide catalysts doped with a third metal
15384
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content in the deposit obtained by steady electrodeposition
was relatively higher, although not signiﬁcantly, which
corresponded well with the EDS analysis.
Figure 4b shows the XRD results of the as-deposited
products obtained via steady and transient electrodeposition
with diﬀerent f ′ values. Intense diﬀraction peaks were observed
at 2θ = 43.3, 50.4, and 74.3° in all products, which could be
assigned to the Cu(111), (200), and (220) diﬀraction planes
of the cubic structure (PDF#85-1326). Additionally, some
weak diﬀraction peaks at 2θ = 36.4, 42.3, and 61.6° were
indexed to the (111), (200), and (220) diﬀraction planes of
Cu2O (PDF#99-0041) in all of the Cu-containing deposits.
The diﬀraction planes of Cu and Cu2O corresponded with one
another, indicating that Cu2O was an intermediate species
during the steady or transient electro-reduction of Cu2+. The
transformation from Cu2+ to Cu0 under steady or transient
electrodeposition with diﬀerent f ′ values may result from a
series of single-electron transfer processes involving various
copper intermediates. The wide peak at 74° appeared to be an
overlap of two unseparated peaks, which may have originated
from the occupation of copper sites by nickel.
The characteristics of the as-prepared deposits not only
indicate that transient electrodeposition is conducive to
obtaining more homogenous deposits with low metal-oxide
impurities but also suggest that electrodeposition is a
complicated process with multiple mutually interacting Curelated intermediates, rather than a traditional two-electron
transfer process. As the transformation of intermediates at the
microinterface was unknown, in situ Raman spectra were
required to elucidate the mechanism of the higher-quality
deposition of Cu2+ and the transient electrode dynamic
response induced by the alternating external ﬁeld.
Dynamics of the Electrode Interface Induced by the
Oscillated Potential. To further improve our understanding

Figure 4. Cu 2p3/2 and O 1s XPS (a) and XRD (b) results of the
deposits from the steady and transient electrodeposition. I to IV
present the results of deposits obtained under the steady, 50 Hz, 400
Hz, and 1 kHz transient electric ﬁelds, respectively.

(Cr), and attributed this shift to the transfer of electrons to Ni
and Fe with the introduction of Cr. With the supply of the
high-frequency alternating electric signal, the peaks of Cu and
O shifted positively by approximately 0.8 eV, suggesting that
the electron clouds between Cu and Cu were more localized,
which may have been due to the closer atomic distance.
Additionally, the positively shifted peaks of M−O and M−OH
suggested the formation of strong oxygen bonds under 400 Hz
and 1 kHz transient electric ﬁelds.32 In addition, the
decomposition of the Cu 2p XPS indicated that Cu(I) and
Cu(II) appeared in the as-prepared deposits. Cu(II) was rare
in the 2p3/2 peak; however, its satellite peak was observed near
945.5−947.7 eV (Figure S14).33 Furthermore, the Cu oxide

Figure 5. In situ Raman spectra of the electrode surface under the steady, 50 Hz, and 1 kHz transient electric ﬁelds. (a) Raman shift of the reaction
process before electrodeposition and at 1 s, and 3, 6, 9, and 12 min as the deposition proceeded. I to III present the steady, 50 Hz, and 1 kHz
transient electrodeposition. (b) Contour map of the in situ Raman spectra for the ﬁrst 14 min of deposition under the steady (I) and 1 kHz
transient (II) electric ﬁelds.
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between Cu ions and their surrounding environment.38
However, a mixture of Cu2O and Cu4O3 appeared during
transient electrodeposition, as indicated by Raman peaks at
625 and 500 cm−1.33,35 A hollow site of Cu−O was also
detected under both steady and transient conditions, with a
shift at 436 cm−1.38 Between the 50 Hz and 1 kHz transient
electrodeposition, a unique peak of Cu2O at 490 cm−1 was
observed at the beginning and end of the transient 50 Hz
process, while some forms of Cu2O at 405 and 450 cm−1 were
only present in the 1 kHz transient process.34,38 Figure S17
shows the Raman changes of the electrode surface over time.
Compared to Figure 5a, the single peak decomposed from the
overlapped peak at 350−700 cm−1 appeared to be stable and
regular as the reaction progressed. The characteristic spectral
features of CuO2−, CuO, and Cu4O3 developed near 602, 635,
and 500 cm−1 at 3−12 min under a steady electric ﬁeld, while
Cu2O and Cu4O3 dominated the spectra in the alternating
reaction process, as indicated by the peaks at 510 (50 Hz), 450
(50 Hz), and 625 cm−1 for Cu2O, and 500 cm−1 for
Cu4O3.34,36,38 The valence of Cu intermediates appeared to
be lower under non-uniform electric conditions, while the Curelated intermediates active in the steady electro-process had a
relatively high valence.
A similar vibration developed at 800−1400 cm−1 during the
steady and 50 Hz transient processes, as shown in Figure 5. As
the reduction of nitrate was one of the side reactions in the
acidic solution, nitrite ions may exist as the main byproducts,
as well as hydrogen.39 The doublet peaks at 800 and 850 cm−1
were attributed to the oﬀ-plane deformation vibration of
adsorbed and free NO3−.40 Additionally, the doublet peaks at
1000 and 1040 cm−1 were assigned to the symmetric stretching
mode of the adsorbed NO3− and itself, while the peaks at 1285
and 1340 cm−1 belonged to the diﬀerent vibrational modes of
NO2−.40−43 A minor feature near 970 cm−1 indicated the
vibration of SO42−, as sulfuric acid was used to adjust the pH.38
The active peak vibration illustrated a stronger interaction
between the electrode surface and anions under a steady
electric ﬁeld. Under the 50 Hz transient process, only a
symmetric stretching of NO2− was absent, indicating that a
similar interaction with anions to the steady electrodeposition
occurred under 50 Hz transient deposition. In contrast, peaks
at 800−850, 970, and 1000 cm−1 were not detected in the 1
kHz SW process, suggesting a weaker interfacial interaction
between the electrode and anions. The subtle feature at 1376
cm−1 indicated the oﬀ-plane sketching of NO3−, which was
only detected under the 1 kHz transient electric ﬁeld (Figure
S17).40 To summarize the diﬀerent Raman spectra of the
steady and transient electrodeposition, the valency of the Curelated intermediates active in the oscillating process with high
f ′ values was lower than that of the intermediates in the steady
process dominated by Cu(I) and Cu4O3, contributing to the
high-content elemental deposits. Additionally, the interaction
of the cathode surface with anions was less intense under the 1
kHz oscillating electric ﬁeld, which was mainly reﬂected by the
few and weak peaks of anions in the Raman spectra. This weak
interaction may explain the low metal−oxide formation in the
deposits of transient electrodeposition. Moreover, the dynamic
process of the electrode interface in the 50 Hz non-uniform
electric ﬁeld was between that under steady and highfrequency transient deposition, where stronger interactions
with anions and low-valence Cu intermediates appeared.
The Raman spectra indicated that the dynamic response of
the electrode surface varied with the forms of the electric ﬁeld.

of the detailed dynamic behavior of the metal ions under the
alternating electric ﬁeld, the in situ Raman spectra were
measured to capture the Cu-related intermediates during
electrodeposition and understand the dynamic process at the
electrode interface under steady and oscillating electric ﬁelds.
The in situ Raman spectra were examined under static and
extended modes with acquisition times of 1 and 20 s,
respectively. To clarify that the Cu-related Raman shifts were
caused by the electrode reaction, the Ag electrode was selected
as the substrate to prevent the interference of the Cu electrode.
The dynamic Raman change under the steady, 50 Hz, and 1
kHz electric ﬁelds was stacked in a three-dimensional
coordinate system, as shown in Figure S15. To facilitate
observation, contour maps with the same color mapping were
used to highlight the intensity change of the Raman spectra
(Figure 5b). The Raman peaks observed in this study were
divided into diﬀerent vibrational modes for metal oxides and
anions, with characteristic shifts at 200−700 and 800−1400
cm−1. As the steady deposition proceeded, the intensities of the
Raman spectra gradually decreased, with an increase in
intensity in the middle of the electrodeposition process. In
contrast, the intensities of the Raman peaks that appeared
under 1 kHz transient deposition decreased rapidly as the
reaction progressed, although the initial Raman intensity of the
pretreated electrode was much higher. Initially, the enhanced
intensity of Raman signals in the steady and transient electric
processes originated from the formation of nanoscale copper
nucleus. As the nucleus grew, the Raman intensity decreased
due to the attenuated surface enhanced eﬀect. For the steady
electrodeposition, the vibrations of Cu-related intermediate
and anions were more active to countervail the attenuated
surface enhanced eﬀect, which led to the repeated rise of
Raman intensity during the electrodeposition process. The
initial Raman intensity under 50 Hz transient electrodeposition
was weaker due to the unstable etching eﬀect. Hence, some
Raman intensities were below the minimum of the color map
at the end of the reaction progress (Figure S16). Additionally,
the decline in the intensities under a 50 Hz non-uniform
deposition process was also as rapid as that under 1 kHz.
We selected the Raman spectra at 1 s and 3, 6, 9, and 12 min
to decompose their complicated peaks and identify the
vibration of the bonds that corresponded to (Figure 5a).
The intense peaks at 227 and 273 cm−1 before measurement
and at the initial time were conﬁrmed to represent Ag−O
stretching vibration and CuO, respectively.34,35 The Ag−O
peak disappeared quickly, while the CuO peak remained
during steady electrodeposition. The broad peak at 350−700
cm−1 was decomposed into four to ﬁve single peaks. As the
Raman spectra collected within 1 s were unstable, the
decomposed peaks were capricious as the reaction progressed,
particularly under steady electrodeposition. During the steady
electrodeposition process, vibrations of Cu(OH)2 and Cu2O
arose, as indicated by the peaks at 488 and 625 cm−1, and
Cu(OH)2 disappeared after 3 min.34 At 9 and 12 min, the peak
at 500 cm−1 was attributed to the Eg vibrational mode of
Cu4O3.36 The peaks at 395 and 433 cm−1 at 9 min indicate the
occurrence of the Bg and Au vibrational modes of CuO.36
Notably, the Raman spectrum at 6 min was distinct from those
obtained at other times owing to the appearance of the doublet
peaks at 478 and 550 cm−1, which may correspond to the
ﬂashing vibration of Ni−O in the NiOOH intermediate.37
Additionally, the stretching vibration of Cu−Oad at 608 cm−1
was also resolved at 6 min, indicating an intense interaction
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Figure 6. Schematic diagram of the electrode surface dynamic response under the steady and oscillated ﬁelds. (a) Waveforms of the steady and
transient electric stimuli. (b) Reaction path from multivalent Cu ions to elementary Cu or Cu oxides interacting with electrons or the solvent and
anions. (c,d) Dynamic electrode reaction response under the steady and oscillation external ﬁelds. The dynamic response mainly included
dehydration, mass transfer, anions elimination, and electroreduction. The diﬀerent oscillation ﬁeld phases corresponded to the diﬀerent dominant
responses. With the uniﬁcation of the charge and mass transfer, transient electrodeposition could achieve high-eﬃciency and high-quality metal
recovery.

Transient electrodeposition was summarized as a complex
process with the mutual transformation of various Cu-related
intermediates driven by potential oscillation (Figure 6). Metal
ions exist in aqueous solutions as hydrated ions or complexes.
Additionally, the oxygen, characterized by strong electronegativity in nitrates, interacts with Cu2+ and Ni2+ via
electrostatic forces. In contrast to the steady process,
alternating potential oscillation stimulated the unstable
interaction of the metal cores with the solvent, promoting
the dehydration and direct contact of metal ions with the
electrode (Figure 6c). The prominent dehydration corresponded to the weak Raman shifts of the anions near the
electrode under transient electrodeposition. Moreover, promoted by this unique dehydration eﬀect, the collision
probability of the electron-accepted Cu intermediates with
their surrounding dehydrated metal ions was greater than that
under steady electrodeposition, facilitating the generation of
active species with lower valency and increasing the elemental
content of the ﬁnal deposit (Figure 6b). In contrast, under
steady electrodeposition, the intensive interactions of Curelated active intermediates with the solvent environment
explained the formation of Cu intermediates with higher
valence and the ﬁnal deposit with high Cu oxide contents
(Figure 6d).
Additionally, liquid mass transfer played an essential role in
the dynamic reaction process, which is consistent with the
ﬁndings of previous studies.21,44 When the potential level
reached ψ3, the dehydrated metal ions replenished the depleted
Cu2+ at the electrode’s surface, alleviating the concentration
polarization aﬀecting steady electrodeposition. Additionally,
the ﬂow ﬁeld of metal ions at ψ1 and ψ3 could disturb the
solvent ﬂow, accompanied by anion elimination from the
electric double layer, leading to the agglomeration of
dehydrated metal ions and weak interaction of anions with
the electrode’s interface. The disordered vibration of metal
ions initiated by the sudden alternation of potential enhanced
the collision between the metal ions and solvent; thus, the

elimination of anion interference depended on the alternating
frequency. The faster potential change contributed to a
stronger anion-eliminating eﬀect.
As discussed above, the dynamic response of the microinterfacial reaction induced by the oscillating external ﬁeld
signiﬁcantly changed the structure of the electric double layer.
During high-frequency transient electrodeposition, a response
occurred in the vicinity of the electrode involving enhanced
dehydration, faster electron transport, sustainable mass
replenishment, target ion agglomeration, and anion elimination. These dynamic reactions with the oscillated external ﬁeld
contributed signiﬁcantly to the breakdown of the electrochemical and concentration polarization, which accelerated the
deposition kinetics and facilitated the formation of chemically
homogenous deposits.
Environmental Implication. Intensive economic transition is generally used to resolve the risk of using rare
resources.45 As an indispensable raw material in heavy
industries, the recycling and reuse of heavy metals is vital for
addressing the scarcity of strategic resources and the
environmental pollution crisis.46 However, the eﬀective
dissociation of metal ions from solvents remains a challenge
for the highly eﬃcient and selective recovery of valuable metals
from waste liquids with complex compositions and chemical
properties. Eﬃcient target material transfer at the microinterface and optimized interfacial reactions are vital for resolving
the bottleneck of current metal recycling technologies and
improving their competitiveness. In this study, we utilized an
oscillating electrical stimulus to facilitate the dehydration,
agglomeration of target metal ions, and elimination of
disturbed anions at the microregion of the electrode, achieving
rapid and high-purity metal recovery by unifying the charge
and mass transfer. The novel dynamic response of the electric
double layer revealed a potential relationship between the
electrodeposition eﬃciency with the form of the electric ﬁeld.
The ﬁndings of this study indicate the great potential for rapid
and high-quality metal deposition by tuning the electric ﬁeld
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