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ABSTRACT: Reference electrodes are essential for studying Li
metal interfaces, yet their integration into coin cells remains
challenging due to geometric constraints and assembly complexity.
Here, we present a simple three-electrode coin cell design in which a
thin Cu film is evaporated directly onto a trilayer PP/PE/PP
separator, forming a conductive and flexible in situ current collector.
The microporous Cu preserves separator porosity and pressure
uniformity, avoiding artifacts introduced by wire- or mesh-type
references. It is easily activated by Li plating and provides stable
potentials for over 10 days in ether-based electrolytes without
affecting Coulombic efficiency (>99%) or Li deposition morphology.
Operando measurements using this design reveal electrode-specific
impedance evolution and voltage responses otherwise obscured in
two-electrode setups, uncovering a correlation between the SEI resistance and electrolyte ionic conductivity. This microporous Cu
reference electrode offers a robust and accessible platform for characterizing reactive interfaces under realistic cycling conditions.

Reference electrodes enable single-electrode potential
control which is essential for disentangling the complex

phenomena that unfold at reactive electrodes.1−3 This is
particularly true for lithium metal, where high chemical
reactivity, solid electrolyte interphase (SEI) formation and
rupture, roughening, and void growth during stripping can all
occur concurrently and feedback on one another.4−7 Despite
the apparent advantages of single-electrode monitoring, most
experimental studies of Li metal anodes still rely on two-
electrode coin cells. Coin cells are easy to assemble
reproducibly, require minimal hardware, and are ideal for
screening the electrochemical performance of novel electrodes
and electrolyte chemistries. Yet, this format prevents direct
attribution of features in voltage or impedance to a specific
interface, limiting their diagnostic and mechanistic utility. Even
in symmetric cells, the counter electrode can dominate and
convolute the electrochemical response, masking the true
behavior at the interface of interest.
Three-electrode configurations overcome this limitation in

principle, but their practical implementation in coin cells
remains rare. Most existing approaches thread a Li wire or
mesh into the coin cell stack or bring in an external lead that
disturbs the internal geometry. These interventions create local
variations in stack pressure and ionic transport pathways,
which lead to geometric asymmetries that are known to
influence overpotentials and deposition morphology.8 As a
result, artifacts from the reference itself can contaminate
voltage and impedance readouts, compromising the very

measurements the reference is intended to enable.9−12 The
fabrication burdens can also be high. Many designs require
multistep coating of active reference materials, laser-cut parts,
custom gaskets, or expensive materials, all of which erode the
reproducibility and speed advantages of coin cells.12

A concise comparison of reference electrode designs is
provided in Table 1. Li metal wires are attractive because Li/
Li+ defines a simple and widely understood potential and the
assembly is trivial (i.e., pressing Li foil onto a conductor).
However, in liquid electrolytes the Li reference continuously
reacts, leading to potential drift, while the wire geometry
concentrates pressure and distorts electric fields in the
stack.1,12 Alloy and insertion references (e.g., lithium titanate
and lithium iron phosphate) offer superior potential stability
over days to weeks, but the typical fabrication�slurry coating
on a mesh or foil, drying, and integration�adds complexity
and thickness that can disrupt the stack. Microelectrodes and
meshes mitigate some asymmetry, yet their thickness relative
to the separator can still introduce pressure gradients and
selectively block ion transport.12 The potential stability,
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geometry, and fabrication burden must be considered when
choosing reference electrodes. Currently, no easily fabricatable
and geometrically neutral reference electrode exists for
monitoring the Li metal interfaces.
To resolve these challenges, we designed a reference that is

geometrically invisible to the coin-cell stack yet capable of
artifact-free single-electrode monitoring. The concept is
simple: evaporate a thin film of copper directly onto a
commercial PP/PE/PP separator and use this metalized
separator as the reference electrode (Figure S1). Because the
copper resides on the separator surface, the film conforms to
its native porosity and thickness, preserving the planar pressure
distribution and ion-transport pathways present in conven-
tional coin cells.25,28 Because the reference is integrated into
the separator, no bulky lead or wire intrudes into the active
electrode area. Instead, a fine external lead is attached so that it
exits the coin-cell without crossing the electrode footprint
(Figure S2). And because the copper can be lithium-plated in
situ using a brief, low-capacity step, the reference potential can
be set to Li/Li+ without introducing a separate Li object into
the stack. In short, this microporous Cu reference electrode

acts as both an ionic conduit and reference substrate,
seamlessly integrating into the coin-cell form factor.
We optimized the evaporated copper thickness to balance

the in-plane conductivity with preserved porosity (Figure 1). A
30 nm Cu coating appeared visually continuous but was
electrically discontinuous: SEM revealed disconnected nano-
islands (Figure 1c), and its lateral conductance was
unmeasurable (Figure 1b). At 50 nm, the film provided an
in-plane resistance of ∼66 Ω cm−1, while SEM confirmed that
the pores remained open mimicking the pristine separator
(Figure S3). Increasing the Cu thickness to 100 nm reduced
the resistance further to ∼15 Ω cm−1 and continued to
preserve the pore architecture (Figure 1c). Increasing to 200
nm continued to lower the in-plane resistance (∼2.8 Ω cm−1)
but began to occlude pores. Notably, at 200 nm the electrolyte
failed to wet the separator immediately, signaling that ion
transport was compromised. The through-plane ionic resist-
ance measurements across separators with different Cu
thicknesses were indistinguishable within experimental error
from those of the pristine Celgard H1409 separator (Figure 1b,
Figure S4), indicating that the Cu does not measurably impede

Table 1. Comparison of Existing Reference Electrode Designs for Li Coin Cells

Fabrication Stability Geometric Impact Examples

Li metal wire simple assembly long-term potential drift localized pressure 13−17
geometric asymmetry

Li alloy/insertion wires requires alloy formation or coatings stable potential localized pressure 18−21
geometric asymmetry

Coated mesh requires surface treatment stable potential localized pressure 22−24
increased internal resistance

Separator-mounted film complex fabrication stable potential minimal impact 25
Microelectrodes fragile handling long-term potential drift some localized pressure 26, 27

Figure 1. Fabrication and characterization of the microporous Cu reference electrode. (a) Thermal evaporation of Cu onto a Celgard H1409
substrate creates a conductive and permeable surface layer. It can be integrated as a stand-alone current collector in the coin cell stack. (b) Effect of
Cu thickness on in-plane resistance (black) and apparent ionic conductivity of the cell stack in 1 M LiFSI F5DEE (red). The apparent ionic
conductivity was calculated from the bulk resistance measured in a coin cell containing two microporous Cu separators placed between stainless-
steel blocking electrodes. (c) SEM images showing the surface morphology of the electrode at different Cu thickness.
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bulk ion transport. From these results we selected 50 nm as a
conservative standard because it is conductive for potential
readout yet thin enough to preserve wetting and ionic
conduction.
The coin-cell assembly is identical to the standard practice

except for adding the microporous Cu reference electrode
beneath a slightly oversized pristine separator (Figure 2a). A
25 μm wire lead is attached to the Cu film at the separator rim
such that it contacts the conductive substrate without
extending into the active electrode area (Figure S2). This
preserves a planar, homogeneous stack and avoids a local
pressure concentration. After assembly and wetting, the
microporous Cu reference is activated by plating 60 μAh
cm−2 of Li onto the Cu film in situ (Figure S5). SEM images of
the plated microporous Cu electrode show evenly distributed
Li islands across the separator surface (Figure 2b), while
backscatter imaging reveals large dark Li features on the lighter
microporous Cu-coated scaffold (Figure 2c), confirming that
Li nucleates on the copper without disrupting the separator
microstructure. Critically, the impedance measured before and
after this activation step shows no change in bulk conductivity
(Figures S6 and S7), indicating that the Li islands do not
meaningfully block ion transport. A complete description and
video of the fabrication and assembly are given in Movie S1.
To quantify the performance of three-electrode coin cells

using the microporous Cu reference electrode, we used 1 M
LiFSI in 2-(2-(2,2-difluoroethoxy)ethoxy)-1,1,1-trifluoro-
ethane (F5DEE) as the electrolyte. This electrolyte was
chosen for two reasons that pull it in opposite experimental
directions. First, it exhibits high Coulombic efficiency
(∼99.5%),29 which makes any performance degradation

caused by the reference electrode immediately apparent.
Second, it has low ionic conductivity compared to common
ethers (0.11 mS/cm within the separator),29 which makes
performance more sensitive to separator spacing and wetting.
In such an electrolyte, intrusive reference electrode designs
significantly degrade performance. After plating 60 μAh of Li in
F5DEE, the microporous Cu potential remains stable for >50
days (Figure S8). For benchmarking breadth, we also
examined 1 M LiFSI in 1,2-dimethoxyethane (DME) and
carbonate-based LP40, in which the microporous Cu potential
remained stable for 10 days, reflecting the expected solvent-
dependent corrosion of small Li features on copper (Figures
S9−S11).
A central question is whether the microporous Cu reference

perturbs the Li deposition on the working electrode.
Conventional wire and mesh references can locally distort
the ion flux or pressure distribution, leading to nonuniform Li
plating. In contrast, Li deposition on Cu in three-electrode
coin cells with the microporous Cu reference remained
spatially homogeneous (Figure 2d−f) and was indistinguish-
able from the morphology observed in pristine two-electrode
controls (Figure S12). Moreover, interfacial impedance
measurements were not distorted by slight reference electrode
misalignment (Figure S13) or small differences in stack height
(Figure S14), demonstrating a tolerance to mechanical
disturbances.
Beyond morphology, long-term cycling provides a stringent

performance metric. Three-electrode Li||Cu cells, cycled to 1
mAh at 0.5 and 1 mA cm−2, delivered Coulombic efficiencies
of 99.4% and 99.1%, respectively, with continuous operation
sustained for as many as 400 cycles (Figure 2g). This matches

Figure 2. Morphology and performance of three-electrode cells using the microporous Cu reference electrode in a 1 M LiFSI F5DEE electrolyte.
(a) Cell stack for Li plating on the microporous reference electrode from the bulk Li counter electrode. (b, c) Microporous Cu surface after
electroplating 60 μAh of Li at 100 μAcm−2 from the Li counter electrode. Backscatter SEM in (c) reveals the dark Li islands atop the light
microporous Cu surface. (d) Cell stack for three electrode LiCu cell operation. (e, f) SEM images of the Cu working electrode after plating 1 mAh
of Li in the three-electrode cell. (g) Long cycling Coulombic efficiency during cycling at 1 mAh capacity in the three-electrode half cells at 0.5
mAcm−2 (blue) and 1.0 mAcm−2 (red). (h) Capacity curve during cycling in a three electrode 10 mAh Li||LFP full cell. The stepwise drop at cycle
230 was caused by a prolonged resting period following a power outage.
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the level of performance observed in two-electrode cells,29

demonstrating that the inclusion of a microporous Cu
reference does not affect electrochemical performance.
Extending to full cells, Cu||LFP anode-free three-electrode
coin cells cycled at 0.5 mA/cm2 delivered an average CE of
∼99.3% (Figure S15). The three-electrode LFP coin cell paired
with a 10 mAh electroplated Li metal anode retained 80% of its
initial capacity after 300 cycles (Figure 2h), and its voltage
trace is shown in Figure S16. When this cell was disassembled
after shorting at >300 cycles, the microporous Cu reference
electrode did not show any signs of damage or degradation
beyond Li corrosion (Figure S17). While maximizing the cycle
life is not the purpose of the reference electrode, the ability to
achieve robust cycling in a three-electrode coin cell confirms
that the microporous Cu does not compromise stack
mechanics or transport.
With nonintrusivity established, the diagnostic benefits of

electrode-resolved measurements become clear. Side-by-side
voltage traces from a conventional Li||Cu two-electrode cell
and a three-electrode cell with a microporous Cu reference
electrode reveal the importance of direct single-electrode
monitoring (Figure 3a). In the two-electrode voltage trace, the
apparent half-cell potential (E E

2
WE CE) starts near ∼20 mV and

decays toward ∼15 mV during the first half-cycle, reflecting the
large contributions from native SEI breakdown at the Li
counter electrode. The overpotential increases toward the end
of plating and then decreases during stripping, reflecting pit
formation and dendrite growth on the Li counter elec-
trode.13,30,31 In the three-electrode configuration, the working-
electrode potential is isolated: during the first plating step, it
rapidly reaches a stable potential of ∼7 mV and appears
symmetric between plating and stripping. The true over-
potential at the working electrode is overestimated in two
electrode cells, demonstrating the advantage of single-electrode
monitoring.
The microporous Cu reference electrode enables operando

characterization of Li interfaces across a wide range of current
densities. Figure 3b shows voltage traces of Li plating and
stripping from the Cu working electrode at progressively
increasing currents. At 0.2−0.5 mA/cm2, the working electrode
response is stable and nearly symmetric between plating and

stripping. At higher current density (2 mA/cm2), the voltage
displays a progressive rise in overpotential with plating time
and cycle number, consistent with the buildup of concentration
gradients in both the bulk electrolyte and the electrode
interface. In a two-electrode cell, such effects are easily
obscured by the response of the Li counter electrode. The
microporous Cu reference electrode also ensures single-
electrode accuracy during voltammetry, where IR drop and
counterelectrode overpotentials become significant at fast scan
rates (Figure S18).
Electrode-resolved impedance is crucial for capturing the

interfacial phenomena (Figure 3c). Snapshots during Li plating
show a decrease in interfacial impedance as Li deposits. Upon
reversal to stripping, the low-frequency semicircle grows as Li
near the current collector is depleted. Because the counter
electrode is excluded from the measurement, these spectra
reflect the intrinsic evolution of the plated-Li interface�
information otherwise obscured in two-electrode cells.
We also compared the interfacial resistance of electroplated

Li using two- and three-electrode measurements (Figure 4).
Twelve electrolytes, ranging from conventional carbonates to
fluorinated ethers, were tested by electroplating 1 mAh of Li
onto a Cu working electrode in a Li∥Cu coin cell (Figure S19).
Li was deposited from a bulk counter electrode at a low current
density (0.2 mA cm−2) to minimize concentration gradients,
and impedance spectra were collected immediately after
plating in both cell configurations (Figure S20−S23, Tables
S1 and S2).
The contrast between two- and three-electrode measure-

ments underscores the importance of operando single-electrode
resolution. In the two-electrode mode, the impedance
spectrum is dominated by contributions from the native SEI
on the bulk Li source, obscuring any electrolyte-dependent
trends (Figure 4a). In the three-electrode configuration, the
isolated response of the electroplated Li reveals a clear negative
correlation between the electrolyte ionic conductivity (Table
S1) and SEI resistance (Figure 4b, Table S2). This observation
supports the role of solvent-assisted ion transport within the
SEI, as suggested in our prior work,32 and demonstrates the
utility of the microporous Cu reference electrode for practical,
operando characterization of Li metal interfaces.

Figure 3. Electrochemical performance of three-electrode coin cells using the microporous Cu reference electrode. (a) Voltage trace for the first
three cycles of Li plating in three-electrode LiCu cells (black) compared to two-electrode cells (gray) at 0.5 mAcm−2 for 1 mAh. (b) Voltage trace
of the Cu working electrode in three-electrode cells at 0.2, 0.5, and 2.0 mAcm−2. (c) EIS snapshots during the first cycle of Li metal plating and
stripping from Cu at 0.5 mAcm−2.
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The principal limitation of this design is the finite lifetime of
a Li-plated reference. Small Li islands on copper slowly
corrode in most liquid electrolytes.33 Over weeks to months,
the open-circuit potential can drift as the metallic Li inventory
diminishes (Figure S7). This limitation is inherent to Li-metal
references, and it can be mitigated by periodic replating of a
small amount of Li or by replacing the plated-Li reference with
a thin insertion reference (e.g., LFP or LTO) deposited onto
the separator. The latter would extend the stable potential
window at the cost of additional processing steps that the
current design intentionally avoids. In our view, the simplicity
and fidelity of the microporous Cu reference electrode make it
ideally suited to short- and medium-duration operando
diagnostics, which is precisely where two-electrode convolu-
tion has muddied interpretation.
In summary, the microporous Cu separator-integrated

reference electrode brings three-electrode capability to coin
cells without sacrificing the virtues that have made coin cells so
widely adopted. A single thin-film metallization step produces a
conductive, porous separator that, once lightly lithiated,
functions as a stable Li/Li+ reference. The design preserves
homogeneous pressure and ion-transport pathways, does not
degrade Coulombic efficiency or cycling stability, and yields
electrode-resolved voltage and impedance signatures that
illuminate interfacial processes otherwise obscured in two-
electrode measurements. By lowering the barrier to artifact-free
three-electrode experiments, this platform expands the toolbox
for the mechanistic studies of reactive interfaces under realistic
cycling conditions.
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