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ABSTRACT: Lithium metal has been an attractive candidate as a next-generation anode material. Despite its popularity, stab
issues of lithium in the liquid electrolyte and the formation of lithium whiskers have kept it from practical use. Three-dimensio
(3D) current collectors have been proposed agative method to mitigate whisker growth. Although extensive research has been
done, the eacts of three key parameters of the 3D current collectors, namely, the surface area, the tortuosity factor, and the sur
chemistry, on the performance of lithium metal batteries remain elusive. Herein, we quantitatively studied the role of these tt
parameters by synthesizing four types of porous copper networkseveth sizes of well-structured microchannels. X-ray
microscale computed tomography (micro-CT) allowed us to assess the surface area, the pore size, and the tortuosity factor
porous copper materials. A metallic Zn coating was also applied to studgribe of surface chemistry on the performance of

the 3D current collectors. Theeets of these parameters on the performance were studied in detail through scanning electrol
microscopy (SEM) and titration gas chromatography (TGC). Stochastic simulations further allowed us to interpret the role of t
tortuosity factor in lithiation. The optimal range of the key parameters is thereby found for the porous coppers and the
performance is predicted. Using these parameters to inform the design of porous copper anodes for Li deposition, Coulor
e ciencies (CEs) of up to 99.63% are achieved, thus paving the way for the destire &2 current collector systems.

KEYWORDS:lithium metal anode, porous copper, three-dimensional current collector, tortuosity factor,
X-ray microscale computed tomography, titration gas chromatography

1. INTRODUCTION Numerous methods have been proposed to mitigate the

With a high theoretical capacity (3860 mAh/g or 2061 mAh/ithium whisker formation issue and improve the cyclability of
cm”) and low electrochemical potentéB(04 V versus the IaITr:lijé?/ent]ﬁit:Iisatrr]]?gS r? tr;]i zztr;re]ergﬁst %;ci[]n;s;rlg dmethods to
standard hydrogen electrode), lithium metal is considered 9 g 9 Fe,

8 adding additivd¥, using high lithium-salt concentra-
the ideal candidate for the next-generation battery ahodes. tioneS10 aﬂd Iocalizin,g higr? Iith?um-salt concentratde.

fact, the lithium metal anode is a key component of neéxirhe main working principle of a high-performance electrolyte
generation high-energy-density battery systems such j&So construct a homogeneous solid electrolyte interphase
lithiumSsulfur and lithiuoxygen batteriés However, (SEI) layer and to provide a uniform lithium-io® during

there are many obstacles that need to be solved before lithium

metal anodes can beeetively used in commercial cells. The geceived: February 10, 2021
fundamental problem lies in the formation of lithium whiskergccepted: May 26, 2021
during plating, which eventually leads to the formation of

inactive lithium after cyclifghs a result, the lithium metal

anode sters from low Coulombic eiencies (CEs) and low

cyclability.
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Figure 1.SEM images of the four porous coppres used in this work. (a) Top view and (e) cross section of the 30atom % Cu arc-melted
(30Arc) sample; (b) top view and (f) cross section of the 20atom % Cu arc-melted (20Arc) sample; (c) top view and (g) cross section of the 1
atom % Cu arc-melted (10Arc) sample; (d) top view and (h) cross section of the 30atom % Cu furnace-melted (30Furnace) sample.

the plating process so that a smooth and dense morphologglidated by titration gas chromatography (FG@nd
can be achievé@iAnother emerging method is the engineer-electrochemical testing.

ing of current collectors. The current collectors play a crucial

role in the performance of a lithium metal battery cell. Plang EXPERIMENTAL SECTION

Cu foils have been used as the anode current collector for2.1. Synthesis of the Porous Copper Networks.Pure Cu
decades because of their electrochemical stability agaip@vders (Fisher Sciemt electrolytic powder) and pure Fe powder
lithium®> However, under practical current densities, due t¢8eantown Chemicab325 mesh, reduced, 98%) were used to

. I L - prepare C8Fe precursor ingots with threeetlent compositions: 10
the . inhomogeneous lithium ionix, I!thlum whiskers can atomic percent (atom %) §80atom %Fe, 20atom %&B0atom %
easily form on the planar Cu foils during cytiifigerefore, a Fe, and 30atom %8t0atom %Fe. The average powder size of both

new current collector that can regulate the local current densgywders was about 3®. A hydraulic press was used to make pellets
and provide a uniform lithium-ionx is desired for lithium of 1 cm in diameter for each composition. These pellets were then
metal anodes!’'® A variety of three-dimensional (3D) arc-meltedve times to make homogeneous ingots with high cooling
current collectors have been designed to achieve tH@es. In addition, the 30atom %C0atom %Fe was loaded in a 3
purposé.géﬂ cmsglacl:rrietelrhalijrlrluna grgublle and i‘leatgd in taHeArfurtnace att
. °C for 1 h, followed by slow cooling down to room temperature.

For a high-performance 3D current COIIeCth’ there are threi‘%e four dierent types of samples were sliced and polished using
key parameters that need to be carefully designed: surface afRpaper to make samples 1 cm in diameter andm200
tortuosity factor, and surface chenfiStdpwever, these three  thickness. These four samples are denoted throughout this paper as
parameters are correlated with each other and often onéArc, 20Arc, 30Arc, and 30Furnace, in accordance with their
cannot be altered without disrupting the other two. Severapmposition and synthesis method.
works have mentioned theeets of these key parameters on  After the C6&Fe ingots were successfully synthesized, the disk was

the performance of the 3D current colleéigfsyun et al then etched in 5 wt %,H0, acid solution at 90C under constant
’ stirring for 24 h. The acid solution was changed every 8 h to prevent

d'SCO‘_’efed that by tl_m'ng the dealloyl'ng time of brass foil, ﬂfﬁ’e accumulation of contaminants. The etched sample was then
resulting copper foil would haveedent pore sizes and cleaned in 5 wt % HCI solution under sonication for 15 min. This was
surface areas, which would eventually lead évewi  followed by an acetone wash under sonication for 15 min to wash
performances of the dealloyed copper’fo8gmilarly, by  away any leftover contaminants. Finally, the cleaned samples were
tuning the Cu pillar size and spacing, Chen et al. were abledded under vacuum for 1 h.

study the eects of surface area and pillar spacing on the CE of 2-2. Zn Electrodeposition. The 20Arc Cu sample was Zn-coated

: 4 Hsing an electrolyte of 0.05 M ZpS©O0.3 M HBO;, and the
the Cu pillar current collector and found the best combinatiolf5 " 5 =2 sayntqple oS 2oy using a;h e%ctrolyte o 0.01 M

for the performanc@. Therefore, there is no doubt that 7nSQ + 0.3 M HBO, In both cases, a small amount of 1,8
surface area, tortuosity factor, and surface chemistry plays added to adjust the pH 1521 The cleaned porous Cu was
crucial roles in determining the performance of the 3D curremémoved from the glovebox and used as the working electrode in a
collectors. However, quaative analysis of these key three-electrode setup where the counter electrode was the platinum
parameters is required when designing a new 3D Currefﬁﬂ and the reference electrode Wa_S Ag/AgC| in KCI. .A current
density of 1 mA/cRwas used to deposit Zn for 10 and 5 min for the
collector system. OFurnace and 20Arc, respectively. The area used for the deposition
f tl)n.the péreks):ent Wﬁfk’ 3D pofrous g?u current qulector_s r\]/ver urrent density was trie measuregttéve surface area. The sample
abricated by etching Fe from SFe composites With a5 then washed with deionized water and acetone and then dried
di erent compositions. The physical properties of curreninder vacuum for 1 h.
collectors were then quaeti using laboratory micro-€%2 2.3. Electrochemistry.CR2016-type coin cells were assembled in
and their performance was predicted in terms of surface aress,Ar-lled glovebox for electrochemical characterization. The
tortuosity factors, and surface chemistry. The quantitati\féehf"O'l))/Fe gon(sLlsTteF% It))f_ 76 of 1 (';/l lltlhluni bisl(tgudqroniethar(lgou
study suggested that the high surface area was not eislbeneSY"ony)imide (LI I & Mixed sovent ot -,o-dloxolane i
as previously believétf and that the tortuosity factor should and 1,2-dimethoxyethane (DME) (1:1 in volume) with 2% 4iNO

o . End Li metal foil was used as the counter electrode. A range of current
always be kept at minimum. The high performance can only gnsity was used during lithium plating morphology study. For all CE

achieved in a system when the three key parameters are in th&iting, at least three cells were tested at the same condition and the
optimal range. The prediction of the performance was alswerage CE is calculated.
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2.4. Scanning Electron Microscope/Energy-Dispersive X-ray  radiation ( = 1.5418 A) using a 008tep size, a voltage of 45 kV,
Spectroscopy.An FEI Apreo scanning electron microscope (SEM)and a current of 40 mA. XRD patterns were recorded in the range of
was used to study the structure of the as-prepared porous coppé&r < 2 < 85,
current collector as well as the morphology of the electrochemically2.8. X-ray Photoelectron Spectroscopy (XPS)XPS analysis
deposited lithium (EDLi). Energy-dispersive X-ray spectroscopyas performed using a Kratos Axis Ultra DLD spectrometer with a
(EDS) was used to characterize the elemental composition of tigonochromatic Al (K radiation source. A charge neutralizer
sample. lament was used to control charging of the sample. A 20 eV pass

2.5. Micro-CT.The samples were individually punched ints energy was used with a 0.1 eV step size; scans were calibrated using
with a 2 mm radius piece and were stacked in a polyadventitious carbon by setting the C 1s peak to 284.8 eV. Samples
(tetra uoroethylene) (PTFE) cylindrical tube with alternating were etched with an Ar beam with a raster size oP22wmm at an
PTFE Ims to provide separation. Two scans were conducted usirgergy of 4 kV for 1 min.

a ZEISS Xradia 510 Versa micro-CT instrument. rEhscan was

conducted on the larger pore samples (30Furnance and 10Arc shown RESULTS AND DISCUSSION

in Figure t,d) and had a voxel size of 1.@7and an exposure of 4 s. . .

The second scan was used to examine the smaller pore samf@§0us copper Ims with interconnected channels were
(20Arc and 30Arc shown Figure &,b) and had a voxel size of fabricated by etching Fe fromSEe composites. Ingots

0.7834 m and an exposure of 6 s. Both scans were conducted withith compositions of 10, 20, and 30 atomic percentage (atom
1801 projections at an X-ray energy of 140 keV with aA7duBrent %) Cu were made by arc melting, and one ingot with a
using a high-energler at a # magnication. The beam hardening composition of 30atom % Cu was made using a conventional

constants for the reconstruction were 0 and 0.6 forsh@nd  Ar- |led furnace. Arc melting involves rapid heating and rapid

second scans, respectively. Postmeasurement analysis was perf%w%g while heating and cooling rates in a conventional
by the AmiraAvizo method using the deblur, delineate, and mediag )2 o' are much longer. Because Cu and Fe are essentially
ter modules for data sharpening alwation provided by the w'@%gniscible in the solid state but fully miscible in the melt, the

S

software. The separate object module, which utilizes a distance . ;
and a watershed algorithm, was used toed8D pores and ize of the phase-separated domains that form upon solid-

determine the overall distribution of the pore sizes. The tortuosity cation is strongly dependent on the cooling rate, with faster
factor was determined for each of the resulting structures usifgoling of the arc furnace producing smaller domains. The
software TauFactSrand cross-validated with GeoDict, both relying XRD patterns of the as-made ingots are shown in the
on Fickian diusion. - _ Supporting Information iRigure Sland are in agreement
Simulation of the Li deposition process in the porous copper madgith a phase-separated mixture of Cu and Fe. For a given
use of an in-house MATLAB-based stochastic algorithm. For a 9iV€Boling rate, the size of domains can be further tuned using the
capacity, the v_olun_1e of deposited Li was determinevd6 cgnsideriggomic percentage of Cu and Fe with higher Fe fractions
1009 Coulombic esiency and a molar volume of 1™ m sulting in large Fe domains. Because the Fe is the fraction

mol. Then, this volume was converted into a number of pixel .e h hed f he | both | f . d
Subsequently, pixels of void in contact with the solid phase (Cu or Li at Is etched from the ingot, both larger Fe fractions an

were converted into pixels of Li until the desired amount wa§lOwer cooling rates result in larger pores in the remaining Cu.
achieved. To mimic the experimental observations, a percentage®@fer careful etching and cleaning, porous coppers with
the Li was deposited on top of the copper supporT éée S). We di erent well-structured channels were fabricaigar€ ).
arbitrarily allowed for an extra 1B thick void to be inserted ontop  As observed in the XRD patterns of the postetching samples
of the current collector for Li deposition. After Li deposition, the(Figure SR the porous copper samples obtained from arc-
remaining empty thickness was removed from this eximaspace melted ingots are (200) oriented and the porous copper
to limit it? imﬁa‘ﬁ on the tortuosi(;y factor Ca"f:‘lJ_'.a“IO”' AgditLQ“E"y' ©materials made using a conventional furnace are polycrystal-
account for the heterogeneous deposition of Li along the thickness, .

arbitrary gradient has been applied to replicate the experimen '.Sgusr:whoev\r/n’;r?z;teihtges;(nfjegi:?efr%ra?rill)f%%rmssggggﬁﬁséu and

observations. Each structure was divided into six equal subvolume . . . .
which the deposited Li amount is reportedahle S2Then, the some remaining copper oxide on the surface. However, there is

algorithm called software TauFdGteras used to determine the NO Fe or S remaining in the samples. Unlike other randomly

tortuosity factors of each porous copper network. Each condition wa§uctured porous copper that were also synthesized by the

repeated between 5 and 10 times to quantify the uncertainty linked dealloying methdd the porous copper networks derived from

the stochastic method. CuSFe composites show homogeneous, large-pored micro-
2.6. Titration Gas Chromatography (TGC)The TGC method  structures that allow us to quantitatively analyzeebts ef

was used to quantify the amount of inactive metallic lithium formed Rey parameters such as surface area and tortuosity factor on the

the porous copper after cycling. After plating and stripping of Li, t erformance of a 3D current collector

porous Cu electrode was recovered from the coin cell; the poro SAs shown iFigure a,e, when SOatom.% Cu was mixed with

copper Im, including any residual inactive lithium, together with th . . . . .
separator, was put into a 30 mL bottle without washing. The botteI!Ee and arc with rapid heating and cooling, the resulting porous

was then sealed with a rubber stopper, and the internal pressure of@@pPer had roughly 4m wide and 10 m long channels,
bottle was adjusted to 1 atm. After the bottle was removed from thhich provided empty spaces for lithium to deposit. As the Cu
glovebox, excess deionized (DI) water (0.5 mL) was injected into tl&ifom % decreased in the precursor, the channels mathe
bottle to react with any residual inactive metallic lithium to form Hporous Cu grew longer and wider. The 10 atom % Arc melt
gas. The vial was then well mixed by shaking, and a gas-tight syripgeous copper showed approximatelyr@Owide channels
was used to quickly take 30of the gas from the headspace of the (Figure &,g), but the structure of the channels was very fragile.

sealed bottle. The gas was then injected into a Nexis GC-2030 g8$erefore. a second melting technique was used when

chromatograph (Shimadzu) fof glianti cation. A pre-established o\ yihesizing the 25n wide porous copper, which involved
H, calibration curve was used to calculate the amount of inactiv heati d i . t with 30at % C .
metallic lithium from the measuregpdak area. The mass of inactive slow heating and cooling an ingot wi atom LU using an

metallic lithium in the porous coppkms was directly related to the AT~ lled furnace. The resulting porous copper showeuh 25
amount of H. wide pores with sturdy ligaments.

2.7. X-ray Di raction (XRD). XRD was performed using a  The physical parameters of the porous copper samples were
PANalytical XPert Pro powder diactometer operating with Cu K quantied by laboratory X-ray micro-CT. Each piece of the
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Figure 2.(a) Three-dimensional (3D) tomography of 30Arc and 20Arc with a voxel size of @.7@343D tomography of 10Arc and
30Furnace with a voxel size of 1@7For both parts (a) and (b), the scale bar is 82(c) Volumetric surface area in the porous copper. (d)
Histograms of the pore size distribution for each porous copper sample. (e) Geometric tortuosity of the porous copper as a function of dey
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PR
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Figure 3.Top-view SEM images of the morphology of lithium plated undesndlicurrent densities onto the porous copper networks with
di erent pore sizes:3d) 30Arc, (&h) 20Arc, (BI) 10Arc, and (rBp) 30Furnace. Current densities are indicated orgtine. The critical
current densities at which lithium whiskers start to grow are marked with red boxes. All samples were plated befbraAnhagng. The
scale bars in all images correspond tor20

porous copper was punched attdd into a sample holder followed by 20Arc and 10Arc. The peak of each histogram
tube. With a voxel size of 0.7834 or 1m@,7the 3D structures  curve represents the average length of the microchannels in the
(Figure a,b) of the porous coppers obtained through theporous copper. The results match well with the SEM images
tomography were analyzed using the 8#Awiao software  shown inFigure lexcept for the 30Arc sample. For the 30Arc
package and the physical properties of the porous coppers waamples, the pores are in a narrow but long channel-like
measuredHigure 2. structure. The expected pore size measured from the SEM
Figure @ reports the pore size distribution of each porousmages is around 4m. However, in the micro-CT
copper sample. As expected, the 30Furnace sample showsrikasurement, the pore size i@ as the diagonal length
largest pores and the 30Arc sample had the smallest porgfsthe pores, so both the diameter and the length of the
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Figure 4(aSd) Cross-sectional secondary electron SEM im&jeshéek-scattered electron SEM images, @lizd4itoon illustrations of the
observed lithium spatial distribution in the cross section of each porous Cu sample. All samples were plated?td'B6 svalédmars in all
images correspond to 5@.

channel-like pores are included in the pore size calculatioritical current density at which lithium whiskers begin to grow
(Figure S) Therefore, irFigure @, the pore size of 30Arc in each sample can be determined.
centers around 10m instead of 4 m. The geometric With the largest ective surface area, which is 29.49cm
tortuosity values ifigure 2 were calculated based on the a piece with 0.7 cm diameter and 28Ghickness, the 30Arc
average length ative particle needs to travel to go through samples produce a dense and smooth lithium deposition
the whole porous copper sample in zidrection, which  morphology throughout the four current densities tested. As
approximately quargs how easy it is for a lithium ion to the e ective surface area decreased to 123)3herR20Arc
di use and electromigrate inside the Cu network during asamples also show a relatively dense morphology in most of the
electrochemical plating process. Both the 10Arc and 30Furnacerent densities tested except at 4 mAAetrich is indicated
samples have relatively low geometric tortuosity because tigythe red box ifrigure 8. At this current density, lithium
have large enough pores for lithium ions to move freelyhiskers begin to grow on the surface of the pore channels,
without many obstacles in tkalirection. The volumetric which means that the local current density becomes too high,
surface area of each porous network can be directly obtainaeducing inhomogeneous lithium-ion transport. As ¢loge
from the 3D tomographyFigure 2). The eective surface surface area is further decreased, the critical current density
area was calculated based on the actual size of the electralde decreased. In the 30Furnace sample, wheredtiee
used in the electrochemical testing (7 mm in diameter and 2@@irface area was only 3.78 Gthium whiskers were observed

m in thickness). In the surface area measurement, the saatecurrent densities as low as 0.5 mA/arhich means the
trend is observed as in the geometric tortuosity: the samplestical current density might be even lower than that. Based on
with the smallest pore sizes have the largagive surface these observations alone, it seems that the higher the surface
area, while the larger pores give the smallest surface areasa in the porous copper, the better the Li morphology.
There is a slow drop of theeetive surface area from the The e ect of the geometric tortuosity and pore size of the
20Arc to 10Arc materials, despite the fact that the pore sipwrous Cu network on the deposited lithium morphology was
di erence in these two samples is large. This is caused by #hedied by cross-sectional SEM imaggsre 4shows the
change of ligament size as the atom % of Cu in the precursbstribution of deposited lithium in each porous Cu sample
ingot decreases from 20 to Hg(re fg). The thinner  after plating for 20 h at 1 mA/&nBack-scattered electron
ligament contributes to the extra surface area in the 10A(BSE) imagesHigure €Sh) give a clear view of how lithium
sample. With these key physical parameters qdartie is distributed across the whole porous copper network: the
e ects of morphology and the distribution of deposited Li cabrighter region is copper, the darker region is lithium, and the
now be studied in detail. boundary between vacuum and lithium is marked by white

The eect of the surface area on the morphology of thdines. Cartoon schemes were also constructed to better
deposited lithium was characterized by top-view SEM imag#sistrate the observed lithium deposition distribution and
For each sample, 4 mAhfcof lithium was plated onto the morphology in the derent porous copper samplEgy(re
porous copper using four elient current densities, each of 4iSl).
which are indicated Figure 3 As the surface area decreases With the smallest pore diameted( m) and the highegt
with the increase of pore size, theetive local current density directional geometric tortuosity (1.35), the 30Arc samples gave
per unit surface area of Cu would also increase. It is widdlye most inhomogeneous distribution of the deposited lithium
accepted that high local current densities can lead to awthin the volume Kigure 4,e,i). Most of the deposited
inhomogeneousix of lithium ions during plating, causing the lithium accumulated on the top surface of the porous copper,
formation of lithium whiskers.By studying the lithium and the space inside the pores, where the lithium was supposed
deposition morphology on the porous Cu networks withto deposit, was mostly empty. This inhomogeneous distribu-
di erent surface areas under a range of current densities, titom of deposited lithium can be attributed to the complex
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Figure 5.(a) Tortuosity factor as a function of the capacity of Li plated into each porous copper structure; (b) porous coppers before (0 mAh
cr?) and after (4 and 7 mAh/@nLi deposition with the copper in gray and the Li in orange. The whole thickness of the current collectors is
displayed with a square base of ®f length. One-quarter of each structure was removed for visualization sake.

structure of the porous copper, with small pores and higsimulation, each simulation was repeated between 5 and 10
geometric tortuosity hampering lithium-ion transport andimes to ensure reproducibility and Ggant statistics.
accessibility to the majority of the structure pores. As we The tortuosity factor results are reporte#igure a for
increased the pore size tbt0 m, which led to a decrease in each porous Cu sample as a function of the plated lithium
the z-directional geometric tortuosity to 1.28, the distributioncapacity. It appears that the tortuosity factor follows a gentle
of the deposited lithium in the porous copper change@xponential increase until a certain threshold where it sharply
dramaticallyKigure ,f,j). More lithium was deposited inside increases (see Supporting Informafignire & andTable
the pores of the Cu instead of on the top surface. The high&3. The larger the pores, the higher the threshold capacity
utilization of the empty pores increases the contact arearresponding to the steep increase in the tortuosity factor.
between lithium and copper, which should lower the localhe 30Arc sample has the smallest pores, and as a result, the
e ective current density and result in a more uniformortuosity factor begins to increase rapidly at the lowest
morphology. The further increase in the pore sk@ (m) capacity for this sample (at around 6 mAPicrt is
and the decrease in the geometric tortuosity (1.03) allowatbteworthy that the 30Furnace sample shows a higher
more lithium to grow inside the porésg(re 4,9,k). The  tortuosity factor than the 10Arc sample until a capacity of 7
deposited lithium grew in a bulky way and had a clusteradAh/cn?; the reason for that has been discussed in the
morphology inside the porous Cu. In the largest porous Cprevious section. From the 3D imagésgare b, the large
( 25 m), the distribution of the deposited lithium was similarpores of the two structures (10Arc and 30Furnace) do not look
to that in the 10Arc sample. However, the increase of the pai@ be clogged with lithium at 4 mAh/crt low capacities, it
size also led to a decrease of the surface area. As a resulttithe seems that if the pores are large enough to accommodate
morphology of the deposited lithium changed from bulky téhe lithium deposition, the interconnectivity of the pores and
whisker-likeKigure 4h,l). This change of morphology should the tortuosity of the empty pores will be the most important
eventually lead to the formation of inactive metallic lithiunparameters. However, at 7 mAHRcthe lithium deposits
and cause the decrease in Coulombieacy’ appear to be sigeantly denser. Indeed, beyond 7 mAh/cm

To gain further insights into the factors limiting Li the 30Furnace structure displays a lower tortuosity factor,
deposition in these porous copper structures, a computatiomghich suggests that at higher capacities, the pores in the 3D
study focused on the tortuosity factor was carried out. Suctsttucture might belled and thus not able to accommodate
study was designed to capture the evolution of the tortuosityore Li.
factor with the increase of Li deposition in therdint porous Based on the observations above, #at ef the tortuosity
Cu structures. The tomographic structure of each sample wastor can be summarized as follows. The narrow and tortuous
imported into MATLAB, and the full whole volume of eachstructures, such as the case in the 30Arc sample, would largely
sample was used for the calculation. An in-house MATLARBinder the transport of lithium ions, leading to an
based algorithm was then used for the stochastic generationndifomogeneous distribution of the deposited lithium. The
lithium deposited in each porous copper sample. Thimhomogeneous distribution would also waste the empty space
algorithm favored the deposition of lithium in aggregatednd surface area provided by the 3D structure and possibly
form since that is what was observed experimentally. Tead to the formation of lithium whiskers after the top surface
further match with the experimental observations, a gives fully covered by the deposited lithium. Therefore, as
amount of lithium was allowed to deposit on the top of thenentioned previously, an increase in surface area does not
porous Cu and a deposition gradient was applied along thévays lead to a more uniform morphology for the deposited
depth from the top to the bottom. Then, the tortuosity factodithium. The increase of surface area and the decrease of pore
was determined for each of the resulting structures usisgze can have competingas. From the data presented here,
software TauFactdt, which relies on Fickian diion. it appears that the sample with a high enough surface area to
Because of the stochastic nature of the lithium depositiggrovide a uniform morphology for lithium deposited at various
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Figure 6.(a) Electrochemical potential curve for lithium plating and stripping on each of the porous copper samples. (b)cCBG@aqidné
SEl and inactive metallic lithium fractions for each sample. (c) Electrochemical potential curve for CE testing for each porous copper sample
Calculated average CE of each porous copper sample from the Hafftiating testing protocol.

plating rates and with pores that are large enough to facilitaimount of inactive metalli® kdrmed was only 0.0219 mAh,
lithium-ion transport is the 20Arc material. The material seemghich was only 14.15% of the total irreversible capacity, the
to be near thésweet spbtin this porous copper system. lowest among theve types of coppers tested. The results

To evaluate our prediction for the performance of theshow that although the high surface area of the 30Arc helped
porous copper based on their physical paramdi€rscklls to improve the morphology of the deposited lithium, which is
were made to test the CE for lithium plating/stripping. There ected in the low percentage of inactive met&)ltbé.ihigh

rst cycle CE was calculated by plating 6 mAtothithium surface area also provided more contact surface between the
onto the porous coppers and stripping at 0.5 nfAAfrer electrolyte and lithium metal, which is thermodynamically
that, TGC was applied to quantify the amount of SEhHi unstable and leads to the formation of SEI under most
inactive metallic L.iformed on the rst cycle. In the TGC  conditions. In addition, during thest cycle due to the
experiment, axed amount of deionized (DI) water was addedpresence of CyQLi would rst react with this oxide layer and
to the cycled porous copper electrode; the inactive metalliorm SEI, which also contributes to the low CE. This is most
lithium that was not removed during stripping will react wittprominently shown in thest cycle CE of the 30Arc sample,
the DI water and release hydrogen gas. The amount tlees it has the highest surface area. While thei€af issue
hydrogen gas quargd through gas chromatography can beonly in the rst cycle, the SEI in the high-surface-area samples
directly correlated to the amount of the inactive metdllic Liremains a problem throughout cycles. For the 20Arc samples,
left on the porous copper. It is known that CE values belowith the decrease in surface area, the amount of SEI also
100% in each cycle of lithium plating/stripping come from thelecreased, while the formation of inactive metallic Li
combination of SEI Liformation and formation of inactive remained low. Therefore, an increase in CE was observed.
metallic L9. By quantifying the fraction of inactive metaflic Li As the surface area further decreased, the formation SEI also
the SEI i can then be calculated from the CE, and thedecreased in the 10Arc and 30Furnace samples. However, due
combination of both values can help us to understand thte the low surface area of the 30Furnace samples, some lithium
failure model of each porous copper sample. whiskers formed in these samiégufe &), increasing the

As shown inFigure B, the 30Arc samples showed the fraction of inactive metalli®.LThe sample with the highest
lowest CE on therst cycle, which was 93.65%. However, theCE in the rst cycle is the two-dimensional (2D) copper foil.
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Figure 7.Top-view SEM images of the morphology of the lithium plated uredenticurrent densities onto porous copper with a Zn coating.
(aSd) 20Arc sample coated with Zn anii(e30Furnace sample coated with Zn. The deposited Li is shown in darker contrast, while the brighter
contrast shows the porous copper substrate. The critical current density at which lithium whiskers start to grow is marked with a red box.
samples were plated to 4 mAHcithe scale bars in all images correspond tm20

The high CE in the copper foil comes from two reasons: (1fan signicantly inuence the morphology of the*#3° To
the low surface area of the copper foil limits the contact are@antitatively explore how the improvement in surface
between lithium and electrolyte and the amount of bta®  chemistry can bring to the performance of the porous copper
can form, thus leading to lower SEI formation, and (2) theurrent collectors, metallic Zn, which has a lower nucleation
stack pressure on the copper foil from the coin cell also helpbdrrier for Li than Ct was electrochemically coated onto
more lithium to be stripped back to the electrolyte, whereg20Arc and 30Furnace samples. These two samples were chosen
the stacking pressure inside the porous copper was nearly zbewause they showed the best and the worst performances,
so the lithium can more easily detach from the coppemespectively, based on the data presented above. The XRD in
substrate during stripping. Figures S10 and S4iow that upon Zn coating, the Cu and
Based on the analysis above, it can be concluded that form an alloy of CuZrand CyZng. The SEM images of
although the high surface area can help lithium to grow inthe as-made and postcoating samplesirés S12a,b and
better morphology, the extra surface area also causes #i5ashow that the grains of the &n alloy are in the
formation of extra SEI. These competing factors led us to ussubmicron scale. Furthermore, the EDS in the coated samples
more representative way to determine the CE of the lithiurFigures S13 and §1Shows coverage of zinc all over the
plating/stripping. As shown kfigure 6, a half-plating and sample with little oxygen. Plating inside of pores is not
stripping method was utilized to characterize the CE of thgenerally as easy as plating on toplof,aand indeed, in this
lithium plating/stripping. In this methodst, a full lithium case, the thickness of the Zn is greater on top of the sample. To
plating/stripping cycle was performed to condition the surfaaguantify the Zn thickness at the top and middle of the sample,
of the coppers. Then, 6 mAhfcof lithium reservoirQ@y) EDS mapping was performed on a cross-sectional slice of each
was plated onto the coppers at 0.5 mA/éallowed by 9  sample. As expected, the Zn intensity is brightest at the top and
cycles of striping and plating of 3 mAR/@hthe lithium the bottom of the sample, but homogeneous Zn intensity is
(Qnan- At the last step, all of the remaining lithium wasobserved across the thickness of the safiplegs S14 and
stripped to a cutovoltage of 1 V@). The average CE is S1§. This intensity was quared by integrating regions from
calculated by Qi+ Q9/(9 Qrar + Qp) x 100%. While the  the top and middle parts of the cross section for both the
conventional CE testing method can tell us tléeecy of 20Arc and 30Furnace samples after Zn co&timgrgs S15
each cycle, it will include the capacity lost due to the formaticand S1R The Zn thickness was calculated at the top and
of fresh SEI on the cycle. The half-plating and strippinthrough the middle of the cross section of the sample using the
technique leaves a layer of lithium reservoir aftestloycle, Zn and Cu wt % obtained from the metalp€aks and their
which can lead the lithium tb back into the pre-existing SEI densities. This was combined with the average cylindrical strut
layer to minimize its formation. Furthermore, thst widths of 4 and 7m diameters for the 20Arc and 30Furnace,
formation cycle has also consumed most of the oxide layespectively, as determined from SEM imalgingrés S12A
on the porous copper, leaving behind a relatively clean surfacel S15A For the 30Furnace, the calculated Zn thickness on
for Li metal deposition. Using this method, the average CEsthie top is 1100 and 44 nm on the inside of the sample. For the
the 30Arc, 20Arc, 10Arc, 30Furnace, and copper foil weB®Arc, the calculated Zn thickness on the top is 425 and 35 nm
calculated to be 99.36, 99.46, 99.26, 99.16, and 98.798n,the inside of the samplEaples S4 and BF3While these
respectively, as showrFigure @. The preconditioning and interior thicknesses are much smaller than the overlayer on the
the half-plating and stripping technique greatly minimized thep, they still provide nucleation sites for Li plating within the
formation of SEI in each cycle, and the CE is direalhtirey interior of the porous Cu.
the eect of the morphology and the distribution of the To study the role of Zn coating, Li was electrochemically
deposited lithium. As predicted earlier, the 20Arc shows thteeposited onto the bare porous copper and Zn-coated porous
highest CE because of its relatively high surface area and alspper. The Li metal nucleation overpotential, which is
large pore size. de ned as the voltage dience between the bottom of the
The last parameter that caeet the performance of a 3D voltage dip and theat part of the voltage plateau, is a
current collector is the surface chemistry. It is known that thgarameter that represents the energy barrier that Li needs to
electrochemical property of the substrate on which Li is plateyercome to nucleate on the substPais. shown irFigure
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Figure 8.Electrochemical performance of Zn-coated porous coppers: (a) TGC analysis of the SEI and inactive metallic lithium; (b) th
electrochemical potential curve of CE testing of the porous copper samples; and (c) calculated average CE of the Zn-coated porous copper s
from the half-platiigstripping testing protocol.

S2(Q the nucleation overpotentials of 20Arc and 20Arc with Zmas more obvious in the 30Furnace sample upon coating with
are found to be 46.1 and 32.5 mV, respectively, meaning thzat than in the 20Arc sample, which proved that tuning the
the Zn coating successfully lowers the nucleation barrier of duirface chemistry is areetive way to enable a 3D current
depositing on the substrate, which should potentially lead tosdth low surface area to achieve uniform Li plating.
more uniform and dense morphology.

The morphology of the deposited Li on the Zn-coatedd. CONCLUSIONS

porous copper was then studied by SEM. As shéwguie  |n this work, porous copper swas with interconnected
7aSd, the resulting Li morphology after plating in the 20Aranicrochannels were synthesized using wet chemical etching
sample coated with Zn is dendrite-free across the whole rang®i used as 3D current collectors for lithium metal anode.
of current density tested. This result stands in contrast to theaboratory X-ray tomography was used to quantify the
uncoated 20Arc sample, where Li whiskers begin to appear gtysical properties of the porous copper materials. &g e
mA/cn?. An even more dramatic improvement in Liof the three key parameters, surface area, tortuosity, and
morphology is observed in 30Furnace sample, however. dgface chemistry were carefully studied. Similar to what the
shown inFigure @Sh, the deposited Li on the 30Furnace previous work has mentioriéeye quantitatively studied why
sample coated with Zn shows a spherical morphology at QHe high surface area was harmful to the performance of the 3D
mA/cn?. Even at this low current density, a whiskercurrent collectors, as Li metal was not able to plate deep into
morphology was already seen in the uncoated samples.thé pores due to dision limitations and more SEI was
whiskers only begin to grow at a much higher current densifyrmed on therst cycle. A moderate surface area is desirable
of 2 mA/cnt. for a 3D current collector, where the local current density will
The porous copper samples with Zn coatings were furthée low enough to suppress the growth of lithium whiskers
tested for plating/stripping CE using the protocol mentionedvhile keeping the formation of SEI to minimum. The
previously. The 20Arc sample coated with Zn had an averagetuosity of the porous copper mainlyances the dision
CE of 99.63%, which increased from 99.46% of the uncoatefl lithium ions. To facilitate a uniform distribution of the
samples, while the 30Furnace sample coated with Zn had a féposited lithium across the whole 3D current collector, the
of 99.56%, which increased from 99.16% of the uncoatedre size should be kept as large as possible while the
samples, as shownHigure 8. The amount of SEl*Land tortuosity should be minimized. In considering all of these key
metallic L9in the rst cycle was again quasd using TGC  physical parameters, the 20Arc samples, with a balance of the
(Figure &). The rst cycle CE of the 20Arc samples improvedmodest surface area and reasonable pore size, was shown to
only by a small amount after coating because the lithiutmave the best performance among the copper samples tested,
morphology in the 20Arc was already dense without thehile the 30Furnace sample, which has very large pores and
coating, and the surface area was notcagtly changed by low surface area, had the worst.
the coating so that the SEI formed from the reaction betweenThese two samples were further coated with metallic Zn to
Li and oxide layer did not change much. The absolute amouavaluate how surface chemistry careice the performance
of inactive metallic Lidid markedly decrease, however,of 3D current collectors. Upon electrochemical testing, an
presumably because of morecéve Li nucleation on the average lithium plating/stripping CE of 99.56% was achieved
improved surface. This was partBebby a slight increase in in 30Furnace with Zn-coated, which improved from 99.16%
the SEI L, likely because the £Zu is more reactive toward without coating. However, the CE for the 20Arc sample did
oxygen or water than pure Cu. A more signt improve-  not show as much improvement with the Zn coating because
ment was observed in the 30Furnace after coatingrsThe the morphology of the Li in 20Arc was already exceptionally
cycle CE improved from 95.27 to 96.00%, while the amount gbod without coating. The results in this work led to several
inactive metallic Lialso markedly decreased because of thiey points: (1) although the high surface area can lower the
improved morphology. Again, a slight increase in the"SEI Ubcal current density and lead to a uniform Li morphology, it
was observed but the change was not large enougéttthe will also introduce a large amount of SEI formation because of
large gains from the reduction in inactive met&llgukito the increase in surface area. (2) The tortuosity of the 3D
the improved plating onto the lithophilic surface. The decreaserrent collector should be kept at minimum to induce the
in the inactive metallic’land improved cycling performance uniform distribution of Li in the structure. (3) The Zn coating
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