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rphous carbon interlayers on
nucleation and early growth of lithium metal at the
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Nucleation and early growth of Li metal is critical to the performance of anode-free solid-state batteries. We

report the use of amorphous carbon deposited by direct current magnetron sputtering as an intermediate

layer between the Cu current collector and the Lipon solid electrolyte. The density, conductivity, and

microstructure of the carbon interlayer are varied and their influence on the reversible formation and

removal of the Li metal anode is investigated. It is shown that thin films of amorphous carbon act as

seed layers, reducing the overpotential for Li plating and increasing the critical current density for Li

plating and stripping from 2 up to 8 mA cm�2. It is further demonstrated that the ionic conductivity of

the Li ions in the carbon interlayers determines their optimum thickness to be 100 nm or less, and that

the initial Li loss due to interphase formation can be reduced to a few tens of nm by decreasing the

density of the carbon films.
Introduction

One of the greatest improvements of solid-state batteries (SSBs)
over conventional Li-ion batteries is expected to come from the
use of metallic Li as an anode.1,2 However, non-uniform plating
and stripping of Li leads to current focusing and the formation
of dendrites during cycling, which eventually leads to a short
circuit.3 Moreover, the use of Li-metal foils in SSBs is imprac-
tical from the manufacturing point of view and requires
handling in an inert atmosphere, which may hinder eventual
commercialisation.4 An anode-free design brings the advan-
tages of Li-metal anodes but with a signicantly simplied
manufacturing process due to the absence of the anode in as-
manufactured cells.5 In anode-free SSBs, the Li metal anode is
reversibly formed and removed during charging and discharg-
ing. Nucleation and early growth behaviour of Li-metal is
therefore of critical importance for anode-free SSBs.6

In 2020, Samsung revealed an anode-free SSB based on
a sulde-based electrolyte with energy density >900 Wh L�1.7 In
that work, the anode-free design was enabled by an Ag–C
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composite layer with a thickness of about 10 mm employed
between the solid separator and a current collector. Similarly,
Feng et al. have shown that thin lms of amorphous carbon
deposited by thermal-decomposition vapour deposition stabi-
lizes the interface between Li metal and garnet-based solid
electrolytes.8 They found that the amorphous structure of low
graphitized carbon performed better compared to high graph-
itized carbon due to enhanced Li transport and a resulting lower
interfacial resistance. Chen et al. investigated the use of hard
carbon as an interlayer between solid electrolyte and anode.9

Hard carbon consists of a highly irregular and disordered
structure that provides pathways for Li transport. They found
that hard carbon improves the wettability of the interface
between garnet-based solid electrolytes and Li metal, and
increases the critical current density and cycling performance of
anode-free SSBs. While these works clearly show the promise of
using carbon-based interlayers for anode-free SSBs, many
questions remain about the desired properties of such an
interlayer.

In this work, we investigate the use of amorphous carbon
thin lms deposited by direct current magnetron sputtering
(DCMS) as interlayers between the Cu current collector and the
lithium phosphorus oxynitride (Lipon) solid electrolyte. By
varying the deposition temperature, this allows us to vary the
density, microstructure, and electronic and ionic conductivity
of the carbon lms over a wide range. We show the inuence of
different material properties of the carbon interlayer on initial
Li loss, overpotential, optimal interlayer thickness, and critical
current density during Li plating and stripping. We nd that the
J. Mater. Chem. A, 2022, 10, 15535–15542 | 15535
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amorphous carbon interlayer reduces the overpotential for Li
plating by acting as a seed layer and increases the critical
current density for Li plating and stripping from 2 up to
8 mA cm�2.
Results and discussion

The properties of the sputtered amorphous carbon thin lms
deposited at different temperatures are summarized in Fig. 1.
Raman spectra of the carbon lms are shown in Fig. 1a. The
peaks located at about 1350 and 1590 cm�1 correspond to the D
and G bands, respectively.10 The D band corresponds to
a breathing mode of sp2 atoms in rings that are not connected
in chains, while the G band corresponds to the stretching
vibration of neighboring sp2-bounded carbon atoms in both
rings and chains. Upon heating, the ratio of the D peak intensity
to G peak intensity increases, indicating an increase of the sp2/
sp3 ratio.10 This is further correlated with a shi in the position
of the G peak to higher frequencies. The increase in sp2/sp3

ratio results in an increase in electronic conductivity from 5 to
29 S cm�1 for carbon lms deposited without heating and at
350 �C, respectively (Fig. 1b). In addition, Rutherford Back-
scattering Spectrometry measurements show a decrease in
density upon heating (Fig. 1c), which is accompanied by an
increase in surface roughness and grain size (Fig. 1d–f).

To investigate the electrochemical behavior of the carbon
lms, we fabricate half-cells consisting of Cu/C/Lipon/Li (see
Fig. 2a). We chose Lipon as the solid electrolyte because it forms
a thin and stable passivation layer with Li metal and Li loss
during subsequent cycling is minimal.11,12 The amorphous
nature of Lipon furthermore allows the effects of surface (elec-
tro)chemistry to be isolated from other phenomena that limit
the critical current density. In crystalline solid electrolytes such
Fig. 1 Properties of sputtered amorphous carbon thin films. (a) Rama
electronmicroscope (SEM)micrographs of carbon films deposited withou
mean square roughness of the films shown in (d)–(f) is 2, 29, and 36 nm

15536 | J. Mater. Chem. A, 2022, 10, 15535–15542
as lithium lanthanum zirconium oxide (LLZO), the presence of
grain boundaries increases the density of defects at the current
collector-solid electrolyte interface, which by itself can lead to
the formation of dendrites.13 In addition, reversible cycling of Li
has already been demonstrated in anode-free SSBs using Lipon
as a solid electrolyte and Cu as a current collector.14,28 Therefore,
Lipon is an ideal candidate for the study of interlayers for
anode-free SSBs, where there is little effect from the presence of
the solid electrolyte. However, note that we cannot exclude any
side reactions on the carbon layer during Lipon deposition.
While there are reports of carbon coatings on Li metal anodes
improving the performance of batteries with liquid electro-
lytes,15 we were not able to measure the performance of amor-
phous carbon coatings deposited by DCMS with liquid
electrolytes due to the deterioration of the carbon layer during
plating and stripping, similar to previous results by Genovese
et al.16

We cycle the cells between 0.3 and 0.0 V against Li/Li+ at
a constant current density of 0.02 mA cm�2, revealing the
intercalation of lithium cations into the carbon lms (see
Section S1 in the ESI† for details).17 The obtained discharge
capacity of the carbon lms is shown in Fig. 2b. We nd that the
capacity decreases from about 80 mA h g�1 for unheated lms
to less than 25 mA h g�1 for lms deposited at 350 �C. A similar
capacity drop aer post-annealing of sputtered amorphous
carbon lms has previously been observed when using liquid
electrolytes.18

To obtain the ionic conductivity of the lms, we employ
impedance spectroscopy measurements. Fig. 2c shows the ob-
tained impedance spectroscopy measurements obtained at
0.1 V against Li/Li+. The rst semicircle at high frequencies
corresponds to the ionic resistance of the Lipon solid electro-
lyte, which has a conductivity of 3$10�6 S cm�1, the second
n spectra, (b) electronic conductivity, (c) density, and (d–f) scanning
t heating, at 250 �C, and at 350 �Cwith a thickness of 150 nm. The root
, respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Properties of lithiated amorphous carbon thin films. (a) Schematic illustration of the device configuration consisting of Cu/C/Lipon/Li. (b)
Discharge capacity, (c) impedance spectroscopy measurements, and (d) obtained ionic conductivity of carbon films deposited at room
temperature, at 250 �C, and at 350 �C with a thickness of 100 nm. The discharge capacity in (b) corresponds to the capacity between 0.0 and
0.3 V against Li/Li+. The direction of the frequency (u) in (c) from low to high is indicated by an arrow. The ionic conductivity is obtained with
impedance spectroscopy at 0.1 V against Li/Li+ (see section S2 in the ESI† for details).
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semicircle corresponds to the ionic resistance of the carbon
layer, and the tail at low frequencies to interface polarization.
The resistance of the Lipon layer increases upon depositing
Lipon on carbon layers sputtered at elevated temperatures. We
attribute this increase in resistance to the increase in roughness
of the substrates (see section S2 in the ESI† for details). The
equivalent circuit used to t the impedance spectra along with
the ts are shown in Fig. S2 in the ESI.†We nd that, in contrast
to the electronic conductivity, the ionic conductivity decreases
from 10�7 to 10�9 S cm�1 for carbon lms deposited at room
temperature and 350 �C, respectively (Fig. 2d). We attribute this
reduction in ionic conductivity to a reduction of density of the
lms. In addition, the increase in grain size could also lead to
a decrease in ionic conductivity.19 Thus, we conclude that the
electronic conductivity is governed by the sp2/sp3 ratio, while
the ionic conductivity depends on themorphology of the carbon
lms.

To investigate the use of the carbon lms as interlayers for
anode-free SSBs, we plate and strip 1 mm of Li metal using
a constant current density of 0.2 mA cm�2. Fig. 3a shows the
voltage prole for Li plating on bare Cu. Aer applying the
current, the voltage quickly drops below 0 V against Li/Li+. In
contrast, the voltage proles of the different carbon interlayers
(Fig. 3b and d) show a slower decrease in voltage. This initial
This journal is © The Royal Society of Chemistry 2022
voltage decay corresponds to the lithiation of the carbon lms.
Aer 0 V is reached, the voltage dips before reaching a constant
voltage plateau. The magnitude of the voltage plateau, oen
referred to as plateau overpotential, corresponds to the
combined ionic resistances of the Lipon and the carbon layer.
The difference between the voltage plateau and theminimum of
the voltage dip corresponds to the nucleation overpotential.
Here we refer to nucleation overpotential as overpotential. For
bare Cu, the overpotential is around 100 mV, similar to previous
reported values for Li plating on Cu.20 Aer carbon deposition,
the overpotential drops to about 10 mV at thicknesses greater
than 50 nm (see Fig. 3e). The overpotential is similar for all
carbon lms deposited at different temperatures, except for the
lm deposited at 350 �C, which shows an increase at thickness
of 150 nm (see section S3 in the ESI† for details). We note that
there is a small difference between the observed overpotential
for pure copper lms, possibly related to the difference in
surface morphology (see Fig. S3 in the ESI†).

According to the nucleation and growth theory, the observed
overpotential corresponds to the potential required to overcome
a nucleation barrier.21 The region before the negative voltage
peak corresponds to the formation of Li nuclei, and the
following voltage plateau to the growth of Li metal. For
heterogeneous nucleation, such as at the current collector-solid
J. Mater. Chem. A, 2022, 10, 15535–15542 | 15537
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Fig. 3 Effect of carbon interlayers on plating and stripping of Li metal. Plating and stripping of 1 mm of Li between the current collector and the
solid electrolyte at a current density of 0.2 mA cm�2 (a) without carbon, and with carbon films deposited (b) without heating, (c) at 250 �C, and at
(d) 350 �C. (e) Overpotential for Li plating as a function of carbon thickness. (f) Li loss during repeated plating and stripping of Li metal. The first five
cycles were performed at a current density of 0.2 mA cm�2 and the following at 0.4 mA cm�2.
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electrolyte interface, the nucleation site density is proportional
to the cubic power of overpotential.21 This behavior has been
veried for the Cu/Lipon interface.20,22 If a layer in which Li has
a solubility is placed between the current collector and the solid
electrolyte, it can act as a seed layer offering a vast number of
initial nucleation sites.23 Many different materials such as Au,
Ag, or 3D graphitic carbon foam have been shown to act as seed
layers and reduce the overpotential, facilitating homogeneous
Li plating and stripping the likelihood of Li dendrite forma-
tion.23–25 Hence, our results show that amorphous carbon layers
can act as initial seed layer for a uniform Li plating with a low
initial overpotential.
15538 | J. Mater. Chem. A, 2022, 10, 15535–15542
In addition to the magnitude of the voltage dip, a change in
the position of the voltage dip is observed. For the carbon lms
deposited without heating and at 350 �C, the voltage dips occur
shortly aer 0 V is reached. In contrast, for the carbon lm
deposited at 250 �C, the voltage stays at a negative voltage for
a while before a voltage dip is observed (see Fig. S4 in the ESI†).
Using dynamic electrochemical impedance spectroscopy during
Li deposition, Westover et al. found that the negative voltage
region before the voltage dip corresponds to the interphase
formation at the Ni/Lipon interface.26 They observed that this
interphase formation even extends slightly beyond the voltage
dip. We therefore assume that the carbon lms deposited at
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Effect of carbon interlayers on the critical current density. Stripping and plating of Li metal at the current collector-solid electrolyte
interface (a) without carbon and (b) with a 100 nm amorphous carbon layer deposited at 250 �C. The current density is increased from 0.2 to
8 mA cm�2 in steps of 0.2 mA cm�2, with each current density repeated five times. The areas with different current densities are marked by
shades of gray. The red dashed line in (a) shows the location where the short occurs. (c) Magnification of (a) and (b) in the time window between
635 and 639minutes of stripping and plating at a current density of 8mA cm�2. (d) Critical current density as a function of thickness of the carbon
interlayers deposited without heating, at 250 �C, and at 350 �C. Each measurement is repeated four times.
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250 �C are involved in the interphase formation, which is also
indicated by the reversible capacity obtained. Some interphase
formation is also observed in the carbon lms deposited without
heating, although to a lesser extent than in the lms deposited at
250 �C, which may be related to the higher lithiation capacity of
the lms. For the carbon lms deposited at 350 �C, on the other
hand, we do not observe any interphase formation. Due to the low
ionic conductivity in the carbon lms deposited at 350 �C and the
visible crack formation (see Fig. 1f), we assume that Li deposits
directly on copper. This assumption is supported by the presence
of two voltage dips in these lms (see Fig. S5 in the ESI†).
Fig. 5 Cross-sectional SEM micrographs of a carbon interlayer at the cu
plating an equivalent Li thickness of 1 mm, and (c) after subsequent strippin
deposited at 250 �C. Plating and stripping of Li was performed at a curre

This journal is © The Royal Society of Chemistry 2022
Upon stripping the previously deposited Li metal with the
same current density of 0.2 mA cm�2 until a voltage of 0.8 V is
reached, we found that not all of the capacitance can be
reversibly recovered. Fig. 3f shows the observed Li loss during
repeated cycling. The irreversible capacity loss strongly depends
on the deposition temperature of the carbon lms. The highest
lithium loss is observed for the carbon lms deposited without
heating, while no lithium loss is observed for the lms depos-
ited at 350 �C. We attribute this reduction in lithium loss to the
reduction in discharge capacity of the lms when deposited at
elevated temperatures. In addition, the functional groups on
rrent collector-solid electrolyte interface. (a) After fabrication, (b) after
g the plated Li. The thickness of the amorphous carbon layer is 100 nm
nt density of 0.2 mA cm�2.

J. Mater. Chem. A, 2022, 10, 15535–15542 | 15539
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the surfaces might change upon heating, which also can affect
the irreversible capacity loss. Upon repeated plating and strip-
ping, the initial irreversible capacitance decreases until all
carbon lms no longer exhibit a signicant Li loss (Fig. 3f). We
note that, although the irreversible lithium loss of the carbon
lm deposited without heating is the largest, it is still very small
compared to the typical lithium losses of the best liquid organic
electrolytes (a few hundreds of nm).27

To investigate the effect of the carbon interlayers on the
critical current density for Li plating and stripping, we cycled
the cells at current densities ranging from 0.2 to 8 mA cm�2 in
steps of 0.2 mA cm�2 (Fig. 4a and b). Each current density was
repeated for 5 times, and applied for a time corresponding to
a thickness of 250 nm of Li metal to be plated/stripped. Fig. 4a
shows the voltage prole as a function of time for the reference
sample without carbon. As the current density is increased, the
voltage increases until a short occurs. The critical current
density is dened as the highest current density at which the
cell can be cycled before a short circuit occurs. Upon adding
a 100 nm thick carbon interlayer deposited at 250 �C, we observe
a great increase in critical current density, with some cells being
able to operate reversibly at current densities as high as 8 mA
cm�2 without shorting (Fig. 4b). Fig. 4c shows the voltage
proles for plating and stripping at 8 mA cm�2. Reversible
plating and stripping of Li metal is observed for the cells with
a carbon interlayer, while the cell without carbon is already
short-circuited.

While the cells employing a 100 nm thick carbon interlayers
deposited at 250 �C have the highest critical current density of
6.4 � 1.0 mA cm�2 averaged over four measurements, we nd
that all carbon lms can improve the critical current density
when deposited as thin lms on the order of tens of nm
(Fig. 4c). At 50 nm, all the carbon layers show a similar critical
current density of 5 mA cm�2, more than twice the critical
current density of the cells without carbon. As the thickness of
the carbon layers is increased, the critical current density drops.
This effect is most signicant in the lms deposited at 350 �C
and least notable in the lms deposited without heating. We
attribute this difference in thickness dependence to a difference
in ionic conductivity. Hence, our results show that the thicker
the interlayer is, the higher the ionic conductivity needs to be.
These results may explain why Ag is needed in Samsung’s work
to improve the ionic conductivity of Li-ions by forming Li–Ag
alloys, where the carbon interlayer is on the order of a few
micrometers.7 However, a more detailed study is needed to fully
understand the benets of Ag in the Ag–C composite layer.

Fig. 5 shows cross-sectional SEM micrographs of an amor-
phous carbon interlayer between the current collector and the
solid electrolyte aer fabrication, aer plating an equivalent Li
thickness of 1 mm, and aer subsequent stripping of the plated
Li metal. We nd that aer plating, a dense and uniform Li
metal layer is formed between the current collector and the
carbon interlayer. In fact, the deposition of Li is so uniform that
even aer a thick layer is deposited, the structure of the current
collector is maintained at the Li metal–carbon interface. In
contrast, for samples without carbon, we observe a non-
homogeneous plating of Li metal, which can lead to current
15540 | J. Mater. Chem. A, 2022, 10, 15535–15542
focusing (see section S4 in the ESI†). Aer the subsequent
stripping process, all the previously deposited Li metal is
removed and the carbon layer remains between the current
collector and the solid electrolyte. We note that, although the
electronic conductivity of the carbon layer is much higher than
its ionic conductivity, Li metal is plated below the carbon
interlayer. This is in accordance with previous ndings by Lee
et al.7 Hence, we assume that Li ions get partially reduced upon
adsorption on the carbon lms, and then migrate through the
carbon layer before plating on the current collector surface. The
migration of Li through the carbon layer further explains why
the ionic conductivity of Li ions in the carbon layer is a crucial
parameter affecting its optimum thickness for reversible Li
plating and stripping.

To test whether the benecial properties of the amorphous
carbon interlayer can be transferred to anode-free batteries, we
fabricate anode-free thin-lm solid-state batteries consisting of
Cu/C/Lipon/LCO/Au (see section S5 in the ESI† for details). We
nd that thin amorphous carbon layers deposited at 250 �C
improve the discharge capacity and reduce the capacity fading
compared to the reference without carbon. However, further
studies on the integration of amorphous carbon lms in
batteries are needed to fully understand the impact on anode-
free solid-state batteries.

In addition to improving the plating performance, the
presence of an electronically conductive layer between the Li
metal anode and the solid electrolyte might also help to
improve the stripping performance by screening inhomoge-
neous electric elds generated by non-uniform Li stripping. We
believe this is an interesting concept that merits further
investigation.
Conclusions

In conclusion, we demonstrate that thin lms of amorphous
carbon promote homogeneous Li plating without dendrite
formation at the current collector-solid electrolyte interface by
acting as an initial nuclei seed layer. We show that carbon lms
prepared by direct current magnetron sputtering with a wide
range of morphology and electronic properties all signicantly
improve the critical current density of Li plating and stripping
when deposited as thin lms on the order of tens of nanome-
ters. The ionic conductivity of the carbon lms determines their
optimum thickness of 100 nm or less. Although the carbon
lms exhibit irreversible Li loss due to interphase formation,
this loss depends on the density of the carbon lms and can be
reduced to a few nanometers when deposited at elevated
temperatures. Our work sheds light on the properties that
carbon-based interlayers must have to enable anode-free SSBs.
Sputtered amorphous carbon lms are of particular interest as
they are only tens of nanometers thick and therefore have
negligible impact on energy and power densities, while
improving the nucleation and early growth kinetics of Li metal.
In addition, they can be universally used between different
metal anodes and solid electrolyte in anode-free SSBs,
improving the applicability of SSBs.
This journal is © The Royal Society of Chemistry 2022
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Experimental methods
Fabrication

The amorphous carbon thin lms were deposited in an AJA ATC
1500 F sputtering system (AJA International, Inc.) on borosili-
cate glass substrates. DC sputtering from a 200 carbon target
(graphite with a purity of 99.9%, Mo-bonded, Plansee SE) in an
unbalanced magnetron was performed in Ar atmosphere at
a power of 100 W, a working pressure of 4$10�3 mbar, and
a working distance of approximately 13 cm. The composition of
the carbon thin lms is shown in Fig. S9 in the ESI.† Prior to the
deposition of the carbon lms, the substrates were cleaned in
an RF-generated Ar plasma at 100 V and 1.2$10�2 mbar for 5
minutes, followed by the reactive deposition of 50 nm TiN from
a Ti target (HMW Hauner, 99.995%) at 200 W in mixed Ar/N
atmosphere and the deposition of 500 nm Cu (HMW Hauner,
99.99%) at 100 W without breaking the vacuum. The whole
deposition procedure (RF cleaning + lms) was performed
without additional heating of the substrate holder, at 250 �C,
and at 350 �C, respectively. Lipon with a thickness of 1 mm was
deposited on the carbon lms at room temperature by RF
magnetron sputtering using co-sputtering of 200 targets of
Li3PO4 (Kurt J Lesker Co.) and Li2O (Toshima Manufacturing
Co.) in an Orion sputtering system (AJA International Inc.) in N2

atmosphere at a power of 100 W and 150 W, respectively, and
a working pressure of 4$10�3 mbar at a working distance of
approximately 13 cm. Li with a thickness of 5 mmwas deposited
by thermal evaporation at a rate of 25 Å s�1 through shadow
masks with a diameter of 0.1 cm using a Nexdep evaporator
(Angstrom Engineering Inc). Finally, 100 nm of Cu was depos-
ited by thermal evaporation through the same shadow mask.
Characterization

Raman spectroscopy was performed with an alpha300 R Raman
imaging microscope (WiTec) with an excitation wavelength of
532 nm and a laser power of 5 mW at 100� magnication. We
have performed degradation tests with laser powers ranging
from 0.5 to 30 mW, keeping the dose constant by varying the
integration time. The Raman spectra remained unaffected up to
a laser power of 8 mW. Shown spectra are the average of 10
accumulations of 5 seconds integration time each. The elec-
tronic conductivity was determined with a home-built four-
point probe system on carbon lms deposited on borosilicate
glass. The thickness of the carbon thin lms was determined
with a stylus prolometer (Bruker DektakXT). Rutherford
Backscattering Spectrometry with 2 MeV He ions and Elastic
Recoil Detection Analysis with 13MeV 127I ions were performed
at the Laboratory of Ion Beam Physics at ETH Zurich to deter-
mine the area density and composition of the carbon lms on Si
substrates. The microstructure of the lms was determined
using a scanning electron microscope (Hitachi S-4800) at an
acceleration voltage of 10 kV. Cross-section SEM images were
obtained with a FIB/SEM Helios 600i TFS system in a cryogenic
stage at an acceleration voltage of 3 kV. The topography and
roughness of the lms was measured using dimension icon
atomic force microscope (Bruker). The image acquisition was
This journal is © The Royal Society of Chemistry 2022
performed in ScanAsyst mode with a silicon ScanAsyst-Air tip.
Electrochemical characterization was performed in an Ar-lled
glovebox at room temperature using a Squidstat potentiostat
(Admiral Instruments). Impedance spectroscopy measurements
were performed between 0.1 Hz and 10 MHz with an a.c.
amplitude of 50 mV.
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