This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Quantitative Electrochemical Analysis Method for Cu Impurities in
Nickel-Cobalt—Manganese Cathode Materials

Woo Yeoul Shim, Sangwoo Kim, JungHye Won, Cheol-Hee Park,* and Taek Dong Chung*

Cite This: JACS Au 2025, 5, 1060—-1068 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

Lithium-ion batteries are among the most important energy- —
storage devices. In this regard, nickel—cobalt—manganese (NCM) cathodes 8h potee
are widely used because of their high energy density and stability. Cu on -

NCM can enhance the overall performance by aiding lithium-ion transport

h
we (Carbon)

through cation mixing; however, it leads to issues, such as internal short Ghange Soluton | Gu Depositon

circuits. The precipitation pH of Cu is high, making its chemical separation
from the NCM challenging. Given the impacts and the challenge of

separation, an accurate quantification of the residual Cu content in the NCM - \C"AO"AC}:"~C"A°"‘
cathode is essential. Inductively coupled plasma methods struggle with the
accurate quantification of trace impurities in NCM owing to the high

contents of material elements, leading to instrument malfunction and time-consuming labor. In this study, the introduction of
electrochemical methods significantly weakened the matrix effect and facilitated the pretreatment of the solution. In particular, a
thin-film electrode (TFE) made of Rh allowed quantification of the Cu present in commercial NCM powder. Cyclic voltammetry
and an electrochemical quartz crystal microbalance were used to confirm the formation of two types of underpotential deposition
(UPD) Cu on the Rh TFE. Square-wave voltammetry was used to analyze the kinetic differences in Cu,,q and quantify trace
amounts of Cu with high sensitivity. The results included a relative standard deviation of 2.54%, linear range of 13—450 ppb, and
limit of detection of 3.9 ppb. The method was successfully applied to commercial NCM products, where the standard addition
method determined Cu content in the range 40—60 ppb. This method provides standardized guidelines for both laboratory and
industry for evaluating the effects of impurities across various NCM cathodes.

Lithium-ion battery, NCM cathode, Copper (Cu), Thin film electrode, Underpotential deposition,
Anodic stripping voltammetry
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Another approach for reducing the Co content in NCM is
the use of alternative dopants such as AL®™ Fe,'%'! and
Cu,"'™"® which can enhance the rate capability and improve
thermal stability. Recently, it has been recognized that the
presence of a certain amount of Cu in the NCM cathode
material not only improves the rate performance and discharge
capacity but also enhances the stability through cation mixing
with NCM in the transition metal layers.'* However, excessive
Cu can degrade the overall LIB performance and cause internal
short circuits during charge and discharge, where Cu®*
deposited on the anode and cathode surfaces finally breaks

The global electric vehicle (EV) market is growing at an
unprecedented rate, and lithium-ion batteries (LIBs) play an
essential role in this transition. In 2023, the worldwide fleet of
EVs, including plug-in hybrids and battery-electric vehicles
(BEVs), surged to 14.2 million—a remarkable increase
reflecting increasing consumer and regulatory support for
ecofriendly transportation options." The LIB technology is
crucial because it determines the energy-storage capacity,
efficiency, and overall cost-effectiveness of EVs.

Nickel-rich cathodes, particularly nickel—cobalt-manganese

. . through the separator, resulting in electrical contact between
(NCM) and nickel—cobalt—aluminum (NCA) cathodes, play them %5_18 Despite thé si niﬁca%lt impact on the overall batte
a crucial role in extending the driving range of electric vehicles ) p & P 4

due to their high energy density. However, the challenge of performance, it is difficult to adjust the Cu content on the
. ) ’ NCM cathode. The chemical separation of Cu from an NCM
securing cobalt (Co) has led to active research focused on

increasing the nickel (Ni) content to reduce Co dependency,

with careful consideration needed to maintain stability, safety, November 30, 2024
and lifespan. These advancements offer improved cost January 22, 2025
efficiency” and energy density, enhancing the competitiveness January 23, 2025
of lithium-ion batteries (LIBs) in the EV market.” Con- February 3, 2025

sequently, the development of high-Ni NCM cathodes with
reduced Co content has accelerated.’
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solution by adjusting the pH is more difficult than that of Al
and Fe. This is because Al and Fe precipitate at relatively low
pH owing to their low solubility products, whereas Cu
precipitates at a pH similar to that for Ni, Co, and Mn, which
are present in excess in NCM cathode materials, making
complete separation difficult.'’

Techniques used to measure the Cu content in NCM
cathode materials include inductively coupled plasma (ICP)
based methods,"”™'*** energy-dispersive X-ray spectrosco-
py,lz_14 and atomic absorption spectroscopy (AAS).ZO’21
However, these methods have been limited to detecting Cu
at the percent scale or ppm levels and rarely achieve detection
at sub-ppb levels. Although the most widely used ICP
techniques are theoretically capable of detecting Cu at parts
per billion levels, a high content of the NCM ions often causes
instrument malfunction, making accurate measurements with-
out extensive sample pretreatment challenging. According to
the Pourbaix diagram, the redox potential of Cu is significantly
higher than those of Ni, Co, and Mn, which allows for the
selective deposition of Cu onto the electrode through the
precise control of the applied voltage of the potentiostat. Using
anodic stripping voltammetry (ASV), which is a well-
established electrochemical trace analysis method, the solution
was stirred to enhance the mass transport of Cu ions. This
approach allowed the detection of Cu at sub-ppb levels and
proved to be a highly sensitive and selective method for the
analysis of trace Cu in complex cathode materials.

The application of ASV in battery research has been limited
primarily because of the extensive adaptations and optimiza-
tions necessary for the accurate trace analysis of complex
cathode materials such as NCM. Trace element analysis often
relies on neutral or mildly acidic buffered solutions to stabilize
electrochemical reaction rates on the electrode surface and
ensure the chemical stability of the analyte. However, NCM
cathode materials contain high contents of ions (e.g, NCM
and Li), which, as previously mentioned, readily precipitate at
pH > 3.5, necessitating the use of a strongly acidic
environment for accurate quantification.””> This requirement
emphasizes the need for a specialized, optimized protocol that
enables trace element analysis under acidic conditions without
interference.

Thin-film electrodes (TFEs), particularly Hg TFE**~* and
Bi TFE,*°** have historically been used in ASV. However, Hg
is highly toxic, while the Bi signal overlaps with the Cu signal.
Because there is a correlation between the two peaks,
quantitative analysis is difficult.**~>* The addition of Ga*>*°
and H,0,°”*® eliminates the interaction between the Bi and
Cu current peaks, but it is unknown how the introduction of
additives affects the sample. Therefore, electrode materials that
can detect Cu in addition to Hg and Bi, such as Te, > Se, !
Sn,"* Sb,** and Pd/AL** were being actively explored.

This paper introduces a refined protocol for Cu
quantification in NCM cathodes using ASV to address the
challenges posed by high-ion-content environments. The
methodology includes optimizing the acidic solution to
dissolve Cu effectively, implementing sample pretreatment,
and utilizing a new candidate—a robust Rh TFE resistant to
acid and oxide-layer interference—for Cu detection. Addition-
ally, we optimized the electrochemical parameters, such as
those used in square-wave voltammetry (SWV), to increase the
signal sensitivity under acidic conditions. By establishing these
critical parameters, we lay a foundation for the accurate and

1061

reproducible analysis of trace elements in NCM, expanding the
applicability of ASV in the field of battery research and beyond.

Nitric acid (68—70%) was purchased from SAMCHUN.
Sodium nitrate (>99.0%), sodium hydroxide (>97.0%),
aluminum(III) nitrate nonahydrate (99.997%), zinc(II) nitrate
hexahydrate (>99.0%), chromium(III) nitrate nonahydrate
(>99.0%), a Cu standard for AAS (1 g/L), and a Rh standard
for AAS (1 g/L) were purchased from Sigma—Aldrich. Water
was purified using a Milli-Q water purification system
(Millipore, Billerica, MA, USA) for dilution and sample
preparation. Nickel(II) nitrate hexahydrate (99.9985%) and
cobalt(II) nitrate hexahydrate (99.999%) were purchased from
Alfa Aesar. Manganese(Il) nitrate hydrate (99.999%), lithium
nitrate anhydrous (99.999%), and iron(III) nitrate non-
ahydrate (>98.0%), were purchased from Thermo Scientific.

The NCM model solution was prepared by dissolving 10.74 g
of nickel nitrate hexahydrate, 674 mg of cobalt nitrate
hexahydrate, 1099 mg of manganese nitrate hydrate, 3.86 mg
of lithium nitrate, 1.37 g of aluminum nitrate nonahydrate, 0.9
mg of zinc nitrate hexahydrate, 1.51 mg of chromium nitrate
nonahydrate, and 1.42 mg of iron nitrate nonahydrate in 8 mL
of a 0.1 M electrolyte solution. A liter of electrolyte was
prepared by dissolving 8.5 g of sodium nitrate in a diluted
nitric acid solution comprising a mixture of distilled water and
nitric acid (ratio of 3:7, pH of approximately —0.35).

The NCM battery sample solution was prepared by
dissolving 10 g of NCM cathode powder given by LG Energy
Solution Co. (high Ni NCM with 90:5:S ratio in 50 mL of a
diluted nitric acid solution), followed by stirring for 2—3 h at
300 rpm. The sample solution was centrifuged at 7000 rpm for
S min, followed by filtering with a 0.45 um poly-
(tetrafluoroethylene) (PTFE) syringe filter. NaOH (2 g) was
added, and NaOH solution (0.4 g/mL) was added dropwise
until an overall solution pH of 2 was attained, followed by
stirring at 1000 rpm for 2—3 h and centrifugation at 7000 rpm
for 5 min. The supernatant was used for subsequent
experiments.

A glassy carbon electrode (GCE, BAS) was initially polished
with alumina powder (PK-4, BAS). Alumina powder (0.3, 0.0S
um) was mixed with distilled water, and 2 or 3 drops of this
mixture were applied to the polishing pad. The electrode was
then rotated clockwise and counterclockwise S0 times on the
pad. After being polished, the electrode was sonicated for 1
min to remove residual particles. The GCE used as the
working electrode (WE), Ag/AgCl as the reference electrode
(RE), and Pt as the counter electrode (CE) were mounted on
a homemade voltammetric cell with a Teflon cap (Figure 1).
The hole diameters of the electrodes at the Teflon cap were
6.4, 1.0, and 6.0 mm for WE, CE, and RE, respectively. The
WE was held in place by using a rubber ring.

To remove metal impurities from the surface, the CE was
dipped in and out of a piranha solution for S5 s. (Caution:
Piranha solution reacts violently with organic matter and
should be handled with extreme care!) A Rh TFE was
prepared by electrodepositing Rh onto the WE using a 0.5 g/L
Rh solution, which was prepared by diluting a 1 g/L Rh AAS
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Figure 1. A glass cell and Teflon cap designed for the electrochemical
quantification of Cu in the NCM cathode solution. The thickness of
the glass wall is 2 mm. The Teflon cap has a total of four holes,
designed to accommodate a three-electrode system (WE for 6.4 mm,
RE for 6 mm, and CE for 2 mm) and N, purging (1 mm) 8 mL of
solution for an experiment.

standard solution with a supporting electrolyte. The solution
was purged with nitrogen gas for 300 s to eliminate the initial
dissolved oxygen. Rh plating was done via cyclic voltammetry
(CV) (initial potential, 0.4 V; reversal potential, —0.3 V;
cycles, 1; scan rate, 25 mV/s). The CV profiles were analyzed
to check if the electrode was plated properly, and then, the set
of electrodes was rinsed with water and blown with nitrogen

gas.

Cyclic voltammograms and square-wave voltammograms were
obtained by using an Autolab potentiostat (PGSTAT302N,
Nova 1.10, Metrohm) instrument. The WE was a GCE (3.0
mm diameter, Bioanalytical Systems, Inc., West Lafayette,
Indiana 47906, USA) with a thin-film Rh. Electrode mass data
were obtained by using an electrochemical quartz crystal
microbalance (EQCM) and a CHI440 electrochemical work-
station (CHI Instruments). A CHI 7.995 MHz QCM sensor
(RenLux Crystal) was used as the WE. An Ag/AgCl RE with a
Vycor tip and a Pt auxiliary electrode were used. A magnetic
stirrer (Jeio Tech, MS-32M) and a stirring bar (Daihan
Scientific MS-20, South Korea) provided convective transport
during the dissolution of the NCM powder and electro-
chemistry experiments.

Either 8 mL of the NCM model solution or 8 mL of the NCM
battery sample solution was added to the electrochemical cell,
followed by purging with nitrogen gas for 5 min. The
deposition potential (—0.2 V) was applied for S min with
stirring (1000 rpm), followed by 30 s without stirring, to
obtain a quiescent solution. SWV was performed to measure
the Cu stripping current signal (initial potential, —0.2 V; stop

1062

potential, 0.4 V; step potential, 10 mV; modulation amplitude,
75 mV; frequency, 90 Hz). Then, the stripping potential (0.4
V) was applied to eliminate the deposited Cu on the Rh TFE
electrochemically for 180 s with stirring (1000 rpm) for
restoring the Rh TFE surface to a clean, Cu-free state, followed
by a period of 10 s without stirring to obtain a quiescent
solution. Finally, the SWV protocol with parameters identical
to those used for Cu detection was repeated to measure the
background signal. The analysis was performed by using the
current obtained by subtracting the current of the second SWV
from that of the first SWV. The entire procedure was
automated and controlled by Autolab software. For the
standard addition method, a 10 mg/L Cu solution, which
was prepared by diluting a 1 g/L Cu AAS standard solution
with a supporting electrolyte solution, was added.

To examine the redox behavior of Cu in a nitric acid solution,
we performed CV on a GCE. At —0.6 V, three cathodic peak
potentials (—0.07, —0.33, and —0.45 V) and one anodic peak
potential (0.09 V) were observed (Figure 2).

120 T T T T T T T T

Cu10mM
Cu 0 mM (Background)

100-|

80

60

401

Current (uA)

60 . . . . . . . .
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Figure 2. Cyclic voltammogram at 10 mM Cu(NOj), (red line) and
0 mM Cu(NOj;), (black line) on 0.1 M NaNO; (pH 2.0) between
—0.6 and 0.3 V at 25 mV/s.

When the counterion was changed from nitrate to sulfate,
the reduction peak potentials corresponding to —0.33 and
—0.45 V disappeared (Figure S1). This indicates that these two
peaks are not due to the reduction of Cu ions but are related to
the reduction of nitrate ions. The area of the anodic current at
0.09 V, where Cu was oxidized, was calculated by changing the
cathodic reversal potential. The anodic charge increased
linearly as the reversal potential was further decreased (Figure
S2). This implies that the peaks related to nitrate hardly affect
the reduction plating of Cu, because if the scan rate is constant,
the reduction time for Cu increases linearly as the cathodic
limit potential constantly increases. Nevertheless, the reduction
potential for Cu analysis was determined to be —0.2 V to
exclude the potential impact of the reduction of nitrate ions.

To verify the successful Rh plating of the GCE, CV and
electrochemical impedance spectroscopy (EIS) were per-
formed in a 10 mM aqueous solution of nitric acid (Figure 3).

Rh—a Pt-like metal—exhibits a distinct current signal under
acidic conditions, such as those in hydrogen adsorption or the
hydrogen evolution reaction. At elevated potentials, the
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Figure 3. (a) Comparison between cyclic voltammogram of 0.1 M NaNOj; (pH 2.0) at GCE and Rh TFE between —0.3 and 0.5 V at 25 mV/s. (b)
Comparison between Nyquist plot measured at a constant potential —0.2 V with V., of 10 mV and a frequency range of 1—100 kHz (fitted by

NOVA 2.1.3).
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Figure 4. (a) Cyclic voltammogram at GCE (red line) and Rh TFE (blue line) of 10 mM Cu(NO;), on NCM model solution between —0.25 and
0.4 V at 25 mV/s. (b) EQCM mass change of Rh TFE of diluted 0.5 g/L Cu AAS standard solution. A specific voltage was applied for 20 s,
followed by a different voltage for another 20 s. Initially, the red and yellow lines were subjected to —0.2 V, while the orange line was subjected to
0.15 V. Subsequently, the red and orange lines were subjected to 0.4 V, and the yellow line was subjected to —0.15 V.

currents associated with the rhodium oxide formation and
reduction became apparent. Notably, no current attributable to
Rh oxidation was observed until the potential reached 0.5 V. In
contrast, the GCE did not generate discernible faradic currents.
This observation underscores the unique electrochemical
behavior of the Rh TFE. The EIS Nyquist plot was fitted
with an R(RC) equivalent circuit model composed of a parallel
circuit of charge-transfer and double-layer capacitance in series
with the solution resistance. The analysis revealed that the
charge-transfer resistance of the Rh TFE decreased from 797
to 413 Q. Concurrently, the double-layer capacitance increased
from 15.2 to 29.6 uF. These observations suggest that the Rh
plating increased the electron transfer rate and the effective
surface area of the electrode.

In Figure 4, the redox behavior of Cu in Rh TFE exhibits a
notable shift in the reduction peak potential from —0.15to 0 V
(Figure 4a). This shift indicates the thermodynamically
favorable reduction of Cu on Rh. Furthermore, a steeper
increase in the anodic current suggests accelerated oxidation
kinetics of Cu. In the potential window 0.2—0.3 V, a distinct
pair of redox peaks is observed for the Rh TFE, which is absent
in the case of the bare GCE and represents a separate redox
process distinct from the general bulk deposition of Cu. This
was corroborated by CV conducted with the cathodic reversal
potential set as 0.15 V, which revealed an additional shoulder
peak (Figure S3). The appearance of peaks different from the
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original redox peaks indicated that a distinct form of the redox
reaction occurred on the Rh substrate.

For further analysis, the mass change of the electrode was
monitored using the EQCM. Upon application of —0.2 V, the
weight increased continuously. However, when 0.15 V was
applied, it remained constant, indicating no further changes
(Figure 4b). From the CV and EQCM data, it is evident that
underpotential deposition (UPD) occurs in conjunction with
three-dimensional bulk deposition when Cu is plated on Rh.
This observation aligns with the findings of previous
studies.* ™" In contrast to bulk deposition, the UPD occurred
only in a few monolayers on Rh. Therefore, it is not surprising
that after a certain amount of Cu was plated on Rh via UPD,
no further plating occurred. This is consistent with the
observed cessation of the electrode weight change in the
EQCM measurements.

To investigate the effect of the Cu,,q phenomenon on Rh,
the changes in the electrode mass during the CV cycle were
examined (Figure S4). When the anodic reversal potential was
confined to 0.4 V to prevent the oxidation of Rh to rhodium
oxide, the net mass change of the electrode from one cycle to
the next was observed to be zero (red line). When the
potential was increased to 0.8 V, a condition conducive to the
production of rhodium oxide was observed: a consistent
reduction in the weight of the electrode from cycle to cycle
(orange line). This observation differs from the gradual
increase in the electrode weight when CV was performed

https://doi.org/10.1021/jacsau.4c01159
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Figure S. (a) Square wave voltammogram of different concentrations of Cu on NCM model solution between 0 and 0.4 V. The SWV parameters:
modulation amplitude of 75 mV, step potential of 10 mV, and frequency of 90 Hz. Plots of amount of Cu (in ppb) versus SWV peak current

(indicated by blue dots in Figure Sa) for (b) low and (c) high ppb.

using only a Cu-free electrolyte. These findings suggest that, by
adjusting the oxidation potential to the level at which Rh is
oxidized, Cu,,q facilitates the dissolution of Rh on the
electrode, which can affect the reproducibility of the signal
necessary for Cu trace analysis. To mitigate the aforemen-
tioned effect, the oxidation voltage was judiciously set at 0.4 V
for further trace analysis.

Figure Sa shows the variation in the SWV current as a
function of the Cu content in the NCM solution. Several
experimental parameters were optimized to obtain the
maximum SWV current signal (Figure SS). The relative
standard deviation (RSD) was 2.54%, the linear dynamic range
was 13—450 ppb, and the limit of detection (LOD) was 3.9
ppb, as calculated using standard deviation of the background
signal and slope of the calibration curve. These performance
characteristics can be considered comparable to those of Cu-
ion selective electrode (ISE), but their pretreatments are
complex and difficult to disregard the interference effects of
high concentrations of NCM cathode solution.**~>° Addition-
ally, our approach, which leverages the characteristics of UPD,
has a high potential for improved performance if the Cu
deposition area can be increased, similar to the case for the use
of nanoparticles. The peak current, when plotted as a function
of the additional spiked Cu content (ppb), yielded two
calibration curves. These curves exhibited high linearity (R* =
0.989 and 0.991, respectively) but different slopes. For a
relatively low Cu content (<S50 ppb), the slope was
approximately 2.08 uA/ppb. For higher Cu contents (>S50
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ppb), the slope was smaller, i.e., approximately 0.74 uA/ppb
(Figure Sb,c).

The behaviors of the peak current and peak potential varied
at a Cu content of 50 ppb. For a lower content, the peak
potential gradually increased to 0.35 V. In contrast, for higher
contents (ppb), the potential remained relatively constant at
approximately 0.22 V. The distinct behaviors of the peak
current and potential suggest the generation of two types of
Cuypg on the Rh surface. To eliminate the possibility that one
of these is bulk deposition, SWV was performed after
depositing a high content of Cu whose peak potential was
0.12 V, indicating that the current signal in Figure 4a is related
to UPD (Figure S6), not bulk deposited Cu.

Further confirmation of the distinct UPD behavior was
obtained through an EQCM study. The UPD behavior when
the plating voltage was set to 0.15 V differed from that when it
was set to 0.1 or 0.05 V (Figure S7). Previous research has
revealed two types of Cu,,q generated at different energy sites
when Cu is electroplated on Rh. However, these peaks were
observed at the potential at which rhodium oxide was
generated.”® Our findings suggest that two different types of
Cuypg can be generated even in the absence of a rhodium oxide
layer.

Taking the logarithm of the Cu content (ppb), there was a
consistent increase at peak potential with increasing log(ppb)
in the low-content region, whereas it remained constant in the
higher-content regions (Figure 6a, red arrow). In the low-
content region, the trend of the SWV peak potential exhibited
a high degree of linearity (R* = 0.976) (Figure 6b). If the
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Figure 6. (a) A log[Cu’*] versus SWV peak potential (red) and peak current plot (blue). (b) Linear fitting plot of log[ Cu**] vs peak potential. (c,
d) Forward current (upper part) and backward current (lower current) at low ppb (Cu ppb increases from red to yellow) and high ppb regions (Cu

ppb increases from green to black), respectively.

electron transfer between Cu,4 and Cu® is rapid and
electrochemically reversible, it adheres to the Nernst equation:

RT . [Cu®']
il P ek RPN
nF

, . RT
E=E"+ g 4+ X In[Cu*"]

[Cuypdl nF

(Cuupd activity as 1)

Assuming the activity of Cu,yq to be 1, the redox potential
increases proportionally to the logarithm of [Cu*]. Given the
nature of the trace analysis, the amount of [Cu**] present in
the bulk solution was minimal. Consequently, [Cu®']
computed using the Nernst equation originates from the
oxidation of Cu,,g that is situated sufficiently close to the
electrode to be reduced again during the short pulse cycle of
the SWV.

The variation in backward current in the SWV with respect
to the amount of Cu in the low-parts per billion region was
also examined. The backward current increased with the
amount of Cu (Figure 6¢). The potential pulse provided by the
SWYV oxidized Cu,q in the forward step, and the oxidized Cu
ions were subsequently reduced in the backward step.
Therefore, an increase in the backward current signifies an
increase in the amount of Cu®** reduced near the electrode
surface. Conversely, in the high parts per billion region, the
backward current decreased progressively, and an oxidation
current was observed (Figure 6d). This suggests that the pulse
period was too short for Cu**, which was produced by the
oxidation of Cu,q, to be reduced. Strongly adsorbed Cu,,q in
the low-ppb region, i, strongly adsorbed Cu,, which was
oxidized at higher potentials, exhibited fast redox kinetics.

Thus, as the amount of Cu increased, the overall degree of
oxidation and reduction increased simultaneously, manifesting
an electrochemically reversible Nernstian behavior. In contrast,
Cuypqg in the high-ppb region, that is, weakly adsorbed Cu,q,
which is oxidized at a lower potential, exhibits slow redox
kinetics, and the reduction of Cu®** does not occur rapidly.
Figure 7 shows the results of the standard addition method
applied to a solution prepared by dissolving commercial NCM
powder in nitric acid using an AAS standard solution. In each

1065

200 T T T T
|
|
I
150 | } ]
|
< |
= \
§ 100 | : 2. 1
5 | 0.997112
O
i
50 F // | 1
il | @ Data
61.37 pb | Fitting
/9 | * Expected Cu ppb
0 el | . .
-50 0 50 100

Additional Cu (ppb)

Figure 7. Calibration curve by standard addition method of the
amount of Cu (ppb) versus SWV peak current. An estimated amount
of Cu obtained through extrapolation is indicated by yellow stars. (n =
3-7).

https://doi.org/10.1021/jacsau.4c01159
JACS Au 2025, 5, 1060—1068


https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

of 3—7 successive experiments, the signal was found to be
reproducible with a high degree of precision, as indicated by an
RSD of 6.8%. Weakly adsorbed Cu,,q was generated, and it
exhibited a peak potential of 0.22 V (Figure S8).

A high degree of linearity (R* = 0.997) was observed
between the amount of Cu and the peak current. By
extrapolation of the x-intercept, the amount of Cu present in
the battery was calculated to be 61.37 ppb. The same
methodology was used for commercial cathode samples
given by LG Energy Solution Co. The measurements obtained
from these experiments are presented in Table 1.

Table 1. Measured Cu Average in ppb and Corresponding
Standard Deviation (n = 3—7) at Several Commercial NCM
Samples (BS1—BS6)

Battery Sample Average (ppb) Standard Deviation (ppb)

BS1 49.78 12.26
BS2 61.11 17.61
BS3 59.39 32.95
BS4 58.96 19.98
BSs 56.72 18.73
BS6 40.49 4.03

To investigate the effects of impurities other than the major
NCM elements (Ni, Co, Mn, Li, and Al) and the analyte Cu,
several possible impurities were spiked at parts per billion
levels, and the standard addition method was used to compare
the estimated Cu contents (Figure 8a). To investigate the
effects of impurities other than the major NCM elements (Ni,
Co, Mn, Li, and Al) and the analyte Cu, several possible
impurities were spiked at ppb levels, and the standard addition
method was used to compare the estimated Cu contents
(Figure 8a). The types and amounts of impurities present in
NCM cathode materials can vary depending on not only the
doping elements used”"*” but also wear caused by friction with
metal equipment or accumulation due to repeated manufactur-
ing environment of the cathode material. Therefore, we
collaborated with LG Energy Solution, which manufactures
battery-grade NCM cathode materials, and as a result of our
discussions, Fe, Cr, and Zn were selected as target elements.
When 5 ppb of Fe was added, the quantified Cu content
remained virtually unchanged. Similarly, the addition of 100
ppb of Zn resulted in negligible variations in the measured Cu

levels. In contrast, the addition of 50 ppb of Cr led to an
increase of approximately 10 ppb in the predicted Cu content.
However, when Fe, Cr, and Zn were introduced simulta-
neously, the Cu content was measured with a high accuracy
within a margin of 10 ppb. Although the reason for the
increase in the Cu content due to Cr requires further
investigation, it is concluded that the combined presence of
multiple elements mitigated the influence of Cr, resulting in a
minimal overall impact on the estimated Cu content.

This study involved determining the optimal solution
conditions for dissolving cathode material powders containing
detectable levels of Cu impurities. We quantified parts per
billion-level Cu impurities in battery cathode materials under
strongly acidic solution conditions containing various ions
using a Rh TFE. The two types of Cu,,q with different redox
kinetics formed on the Rh TFE surface, analyzed through
EQCM and SWYV, have been identified as critical phenomena
for detecting trace amounts of Cu. This finding suggests the
possibility that other metals capable of inducing Cu,,q (e.g, Pt
and Au) may also enable the detection of trace amounts of Cu,
provided that the formation of oxide layers is avoided.

In addition, we developed a pretreatment protocol for
electrochemical analysis, optimized the Rh TFE modification
process, and fine-tuned the SWV parameters. We demon-
strated the high accuracy (within tens of parts per billion),
reproducibility (RSD: 2.54%), signal linearity (R* = 0.99), and
good LOD (3.9 ppb) of the method using a model solution
prepared with high-purity laboratory reagents. Moreover, the
effects of various additional elements were evaluated to
confirm that their presence did not significantly affect the
accuracy of the proposed method when applied to commercial
cathode powder. Additionally, commercial NCM cathode
solutions exhibited high signal linearity in the standard
addition method (R* = 0.997), confirming that several solution
samples contained approximately 40—60 ppb Cu impurities.

This study lays the groundwork for developing an
economical Cu detection methodology using carbon paste
electrodes, which can allow efficient and straightforward
quality control inspections of Cu impurities in NCM cathodes,
even by novices, within commercial settings. Furthermore, this
methodology can be extended to foreign metal adatom
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Figure 8. (a) Interference effect of Fe, Cr, and Zn. From left to right, a model solution with S0 ppb of Cu, a solution with S ppm of Fe added, a
solution with S0 ppb of Cr added, and a solution with 100 ppb of Zn added, respectively. (b) Accuracy test at model solution with 0, 10, 20, 30, 40,

50 ppb Cu. (n = 3-7).

1066

https://doi.org/10.1021/jacsau.4c01159
JACS Au 2025, 5, 1060—1068


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01159/suppl_file/au4c01159_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01159?fig=fig8&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01159?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

catalysts, for example, to investigate the plating kinetics of
UPD adatoms.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01159.
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