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a b s t r a c t 

Rechargeable aluminum-ion batteries have attracted great attention due to the high theoretical volumetric capac- 
ity, good safety and abundant sources. Although tremendous efforts have been concentrated on exploring novel 
electrode materials for aluminum-ion batteries, the electrochemical mechanism still need to be further investi- 
gated. In this work, we found that even without employing any initial anode materials, the aluminum-ion batteries 
assembled with graphite cathode, AlCl 3 /ion liquid based electrolyte and various anodic current collectors still 
can be stably charged/discharged. A variety of carbon or metal based materials can be utilized as anodic current 
collectors in the initial-anode-free aluminum-ion batteries; however, their anti-corrosion capabilities against Cl − 

ions do greatly affect the battery performances. The electrochemical mechanism of initial-anode-free aluminum- 
ion batteries were comprehensively investigated by a series of in-situ and ex-situ spectroscopic and microscopic 
methods, revealing the reversible Al metal plating/stripping processes on the anodic current collectors during 
the charge-discharge cycles. We hope this work may provide new insights into the key component design and 
mechanism study of initial-anode-free multivalent secondary batteries. 

1

 

s  

t  

b  

d  

t  

p  

c  

[
2  

c
2  

s  

i  

e  

m  

u

K

 

p  

o  

s  

s  

o  

c  

s  

I  

s  

p  

f  

f  

w  

X  

A  

p  

a  

m  

h
R
A
2

. Introduction 

Exploiting novel rechargeable battery systems with high operation
afety and environmental benignity is of great importance for the sus-
ainable development of our society [ 1 , 2 ]. Rechargeable aluminum-ion
atteries (AIBs) have attracted broad attention due to the nature abun-
ance of Al, the nonflammability of AlCl 3 /ionic liquid (IL) based elec-
rolyte and the high theoretical specific capacity of three-electron redox
rocesses [3] . Great efforts have been made to screen high-performance
athode materials for AIBs, such as metal chalcogenides [4–13] , MXenes
14] , conducting polymers [15–17] and carbon-based materials [ 3 , 18–
1 ]. Although the ion intercalation/de-intercalation processes on the
athode side of AIBs and the choices of cathodic current collectors [22–
4] have been studied by ex-situ X-ray diffraction (XRD) and Raman
pectroscopy [ 3 , 21 ], the electrochemical behavior on the anode side
s still to be comprehensively investigated. On the other hand, inter-
stingly and strangely, it is normally assumed that the presence of Al
etal foil on the anode side is a necessity for AIBs, but this assertion is
nfounded. 
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In this work, we assembled AIBs by coupling commercial graphite
aper (GP) cathode with AlCl 3 /[EMIm]Cl electrolyte and various an-
dic current collectors (ACCs), such as GP, Mo, Cu, Ag, Ni, stainless
teel (SS304) and Mg foils. Free of Al metal anode, the AIBs still can be
tably charged/discharged. However, the electrochemical performances
f AIBs based on different ACCs show great differences. The electro-
hemically stable ACCs, such as GP and Mo foils, exhibit good cycling
tability and high Coulombic efficiencies (CE) comparable to Al anode.
n contrast, the metallic ACCs susceptible to the corrosion of Cl − ions,
uch as Cu, Ag, Ni, steel and Mg foils, exhibit relatively low specific ca-
acities or rapid capacity fade rates during long-term cycling tests. To
urther investigate the detailed working mechanism of the initial-anode-
ree AIBs, a series of in-situ and ex-situ spectroscopic characterizations
ere systematically conducted. On the cathodic side, in-situ Raman and
RD analyses verified the reversible intercalation/de-intercalation of
lCl 4 − anions into/from the GP interlayers during the charge-discharge
rocesses, consistent with previous literature [3] . Unexpectedly, on the
nodic side, ex-situ XRD, X-ray photoelectron spectroscopy (XPS), trans-
ission electron microscopy (TEM), high-resolution transmission elec-
ctober 2021 
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Fig. 1. Schematic structure and in-situ characterization system for the initial-anode-free AIBs. a Schematic drawing of the initial-anode-free AIBs based on 
GP cathodes and various ACCs. b, c Schematic cell setups used for b in-situ Raman and c in-situ XRD characterizations of AIBs. d The internal structure of the in-situ 

characterization cell setups in b and c . 
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l  
ron microscopy (HRTEM), Auger electron spectroscopy (AES), scanning
lectron microscopy (SEM) and X-ray energy dispersive spectroscopy
EDS) mapping confirmed the reversible plating/stripping of Al metal
n the surface of ACCs during cycling, no matter what the material of
CC was used. This is to say, the ACCs on the anodic side of AIBs just
layed an essential role as a substrate for Al metal plating/stripping.
nterestingly, the initial-anode-free AIBs based on different ACC mate-
ials showed great differences on the electrochemical performances. To
urther understand the reasons of this phenomenon, a series of ex-situ

haracterizations of the ACCs at different charge/discharge states were
onducted. It revealed that the anti-corrosion capabilities of ACC ma-
erials against Cl − ions presented strong influences on the battery per-
ormances. For the ACC materials with high chemical stability in the
lCl 3 /[EMIm]Cl electrolyte, such as GP and Mo foils, there was almost
o surface corrosion observed after long-term cycling. However, for the
ther ACC martials less resistant to the corrosion of Cl − anions, such as
u, Ag, Ni, steel and Mg foils, the surfaces of these ACCs were proved
o be corroded to different extents after cycling, indicating the occur-
ence of side reactions resulted in rapid capacity fading. According to
he experimental results, we conclude that carbon or metal based mate-
ials with high anti-corrosion capability to Cl − ions can serve as favor-
ble ACC materials for the construction of initial-anode-free AIBs. In this
ork, the intriguing concept of initial-anode-free AIBs was proposed and

he detailed working mechanism was comprehensively studied, throw
ight on the unique operation principle and tremendous application po-
ential of initial-anode-free AIBs. 

. Results and discussion 

To demonstrate the proof-of-concept, the coin cells of AIBs were
onstructed by using commercial GP as both the cathode material and
athodic current collector ( Fig. S1 ), meanwhile the mixture of anhy-
rous AlCl 3 and 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) IL
as used as the electrolyte. For the construction of conventional AIBs,
igh-purity Al foil was used as the anode material; Alternatively, for the
onstruction of initial-anode-free AIBs, various of graphitic- or metallic-
aterials (including GP, Mo, Cu, Ag, Ni, steel and Mg foils) were at-

empted to serve as the ACCs, as illustrated in Fig. 1 a . To investigate
he working mechanism on the cathodic side, we conducted in-situ Ra-
462 
an and XRD analyses for verifying the intercalation/de-intercalation
ehavior of choloraluminate (AlCl 4 − ) anions into/from GP cathode. The
xternal and inertial structures of the cell apparatus for in-situ Raman
nd XRD measurements are depicted in Fig. 1 b–d . In these in-situ cells,
he incident laser or X-ray entered into the quartz or beryllium (Be)
indows, and then the Raman or XRD signals ejected out and finally
etected by corresponding charge-coupled devices (CCD), respectively.
o study the electrochemical processes on the anodic side, we also per-
ormed in-situ Raman and XRD analyses on GP ACC, verifying that there
s no ion intercalation/de-intercalation behavior on the GP ACC. More-
ver, ex-situ XPS, TEM, HRTEM and AES were also carried out to reveal
he Al plating/stripping processes onto/from the GP ACC during charg-
ng/discharging. As for the various metallic ACCs (including Mo, Cu, Ag,
i, steel and Mg foils), ex-situ XRD and EDS were conducted to prove the

imilar mechanism of Al plating/stripping processes compared to that of
P ACC. Furthermore, to clarify the occurrence of surface corrosion phe-
omena among some of the metallic ACCs during cycling, ex-situ SEM,
DS and XPS were implemented. Except Mo ACC, it was verified that the
u, Ag, Ni, steel and Mg ACCs were corroded by AlCl 3 /[EMIm]Cl elec-
rolyte during cycling, leading to inferior electrochemical performances
f the corresponding AIBs. 

The electrochemical performances of the AIBs based on Al anode or
arious ACCs were firstly analyzed by CV measurements. Fig. 2 a dis-
layed the CV curves of AIBs based on GP ACC. In the 1st anodic scan, a
trong oxidation peak emerged at ∼2.22 V, which was attributed to the
ntercalation of AlCl 4 − into the GP interlayers on the cathode side. Dur-
ng the subsequent scans, this peak was slightly shifted to 2.19 V. The
ackward scan curves were relatively complicated, exhibited a domi-
ated reduction peak at ∼1.67 V during the 1st cycle and then shifted
o ∼1.73 V in the subsequent scans, which might come from the for-
ation of a solid-electrolyte interface (SEI) on the GP surface. Apart

rom the peak located at ∼1.67 V, four shoulder peaks were observed
t about 2.21, 2.04, 1.00 and 0.70 V, respectively, which were assigned
o the step-by-step stages of the de-intercalation of AlCl 4 − ions into the
P cathode [25] . The CV curves of AIBs based on Al anodes or var-

ous ACCs (Mo, Cu, Ag, Ni, steel and Mg) are shown in Fig. S2 . The
V results of AIBs based on Al anode or Mo, Cu, Ni and steel ACCs
re similar to that of the AIBs based on GP ACC, indicating the simi-
ar electrochemical behavior of these AIBs. However, the CV curves of
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Fig. 2. Electrochemical measurements of the AIBs. a Cyclic voltammetry (CV) curves of the initial-anode-free AIBs based on GP ACC. b Galvanostatic charge- 
discharge voltage profiles of the initial-anode-free AIBs based on GP ACC at 50 mA g − 1 . c Cycling performances of the AIBs based on Al anode or various ACCs. d 
Rate performance and e long-term cycling performance of the AIBs based on Al anode or various ACCs. The specific capacity data of AIBs were all recorded between 
a voltage range of 0.5–2.45 V. 
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IBs based on Ag and Mg ACCs were quite different from those of other
IBs, suggesting the occurrence of intensive side reactions induced by
l − corrosion to Ag an Mg metals, which will be detailedly discussed

n the following section. The galvanostatic charge-discharge curves of
IBs based on GP ACC at a current density of 50 mA g − 1 are depicted in
ig. 2 b . The two plateaus centering at approximately 2.20 and 1.80 V in-
icated the de-intercalation from the GP cathode during the discharge
rocesses [18] . In this work, the values of all specific capacities were
alculated based on the loading mass of GP cathode, and the amounts
f used AlCl 3 /[EMIm]Cl electrolyte were excessive. The cycling perfor-
ances of AIBs based on Al anode or various ACCs at 50 mA g − 1 are

hown in Fig. 2 c . During the 100 cycles, the AIBs based on Al anode
xhibited a well-maintained specific capacity of ∼62.0 mAh g − 1 and
 high average CE of ∼99.2%. Competitively, the AIBs based on GP and
o ACCs also displayed high cycling stability, showing similar specific
463 
apacities (65.1 and 61.5 mAh g − 1 ) and relatively high CE values (98.7%
nd 96.6%), respectively. However, the AIBs based on Cu, Ag, Ni, steel
nd Mg ACCs exhibited much lower specific capacities and relatively
ow CE values, which shall be ascribed to the electrochemical corrosion
f these ACCs by AlCl 3 /[EMIm]Cl electrolyte. Specifically, during the
l metal plating/stripping processes on different ACCs, the irreversible
ccurrence of side reactions between electrolyte and Cu, Ag, Ni, steel
nd Mg ACCs could lead to serious consumption of the electrolyte and
hen the electrolyte even become the insufficient component in these
IB systems, thus greatly limiting the specific capacities. 

The rate performances of these AIBs are also measured, as shown in
ig. 2 d . At a relatively high current density of 250 mA g − 1 , the AIBs
ased on Al anode still delivered a specific capacity of 35.2 mAh g − 1 ,
nd the discharge capacity returned to 53.4 mAh g − 1 when the current
ensity was recovered to 50 mA g − 1 . Similarly, the AIBs based on GP and
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o ACCs cycled at 250 mA g − 1 exhibited reversible specific capacities
ith comparable values (39.6 and 37.4 mA h g − 1 , respectively); When

he current density decreased to 50 mA g − 1 , the specific capacities could
ecover to 55.9 and 50.4 mA h g − 1 , respectively, indicating the good rate
erformances of initial-anode-free AIBs based on GP and Mo ACCs. By
ontrast, the AIBs with Cu, Ag, Ni, steel and Mg ACCs showed much
nferior rate performances compared to those with GP and Mo ACCs
 Fig. 2 d ). 

The long-term cycling performances of the AIBs at 200 mA g − 1 are
lso depicted in Fig. 2 e . The AIBs based on Al anode showed a discharge
apacity of 58.0 mAh g − 1 and a high average CE of 98.6% after ∼1000
ycles. Similarly, The AIBs based on GP and Mo ACCs delivered well-
aintained discharge capacities (54.6 and 53.2 mAh g − 1 ) and high CE

alues (98.1% and 95.8%) after ∼1000 cycles, respectively, represent-
ng their good cycling stability. Nevertheless, the AIBs based on Cu, Ag,
i, steel and Mg ACCs suffered from inferior cycling stability or low
E values. Moreover, the initial CE values of the AIBs based on Al an-
de or GP and Mo ACCs were as high as 98.9%, 98.7% and 92.1%,
espectively, and could maintain a high level in the following cycles,
ndicating the good anti-corrosion capability to Cl − ions of these three
aterials. It could be concluded that both GP and Mo foils are good

hoices of ACC materials in initial-anode-free AIBs, attributing to their
igh electrochemical stability to serve as favourable substrates for Al
lating/stripping. By contrast, the initial CE values of the AIBs based on
u, Ag, Ni, steel and Mg ACCs were significantly inferior (57.2%, 58.5%,
1.5%, 65.5% and 46.0%, respectively), revealing that the occurrence
f side reactions between the metal and the electrolyte, resulting in ir-
eversible changes during the charge-discharge cycles. In the first 100
ycles, the CE values of the AIBs based on Cu, Ag, Ni and Mg ACCs
till could be maintained at ∼95% even through there are trace side
eactions. However, during the subsequent charge-discharge processes
fter 100 cycles, when the irreversible changes accumulated to a cer-
ain extent, the CE curves showed significant drops accompanied by the
ailure of the cells. Distinctively, although the initial CE values of the
IBs based on steel ACC was low, the CE increased to above 98% in the
ubsequent cycles and showed no downward trend for more than 600
ycles. This result suggests the formation of a passivation layer on the
urface of steel ACC during the initial cycles, which could effectively
revent the metal from further irreversible corrosion of Cl − ions. 

To avoid the peak shifting in Raman and XRD spectra of the sample
pon exposure to air, we performed in-situ characterizations for improv-
ng the reliability and repeatability of the spectroscopic analyses. The
n-situ Raman spectra of GP cathode at various charge-discharge states
uring the 2nd cycle is shown in Fig. 3 a . The G band of pristine GP cath-
de was presented at around 1584 cm 

–1 . As the charge voltage increased
o 2.00 V, the G band of GP cathode slightly blue-shifted and split into
wo peaks, E 2g2 (i) mode (1586 cm 

–1 ) and E 2g2 (b) mode (1607 cm 

–1 ).
he E 2g2 (i) mode was ascribed to the vibrations of carbon atoms in the

nterior of GP layer planes (not adjacent to intercalated layer planes),
nd the high-wavenumber E 2g2 (b) mode was attributed to the vibra-
ions of carbon atoms in bonded GP layers (adjacent to the intercalated
ayer planes). The presence of E 2g2 (i) mode and E 2g2 (b) mode confirmed
he intercalation of AlCl 4 − anions into GP. When the charge voltage
urther increased to 2.45 V, the E 2g2 (i) mode gradually weakened and
isappeared, and the E 2g2 (b) mode was enhanced and blue-shifted to
622 cm 

–1 , indicating the saturated intercalation of AlCl 4 − anions. Dur-
ng the subsequent discharge process from 2.45 to 1.80 V, the E 2g2 (b)
ode moved back to 1612 cm 

–1 and the E 2g2 (i) mode emerged again.
hen the discharge voltage further decreased from 1.80 to 0.50 V, the

ntensity of E 2g2 (i) mode increased and the intensity of E 2g2 (b) mode
ecreased. These two modes red-shifted and merged into a broad shoul-
er peak (G band), indicating the de-intercalation of AlCl 4 − anions from
P cathode, which is in consistent with the reported literature [18] . No-

ably, the Raman signal variations in the 3rd and 4th cycles ( Fig. S3 )
ere similar to those in the 2nd cycle ( Fig. 3 a ), proving the good re-
ersibility of the intercalation/de-intercalation of AlCl − into/from GP
4 

464 
nterlayers. The in-situ Raman signals of the AlCl 3 /[EMIm]Cl electrolyte
n the surface of GP cathode are displayed in Fig. 3 b . As detailed in Fig.

4 , the peaks located at 174 and 310 cm 

− 1 were assigned to Al 2 Cl 7 − 

nions, and the peaks at around 339, 369, 487 and 583 cm 

− 1 were as-
ociated with AlCl 4 − , [EMIm] + , AlCl 2 + and [AlCl 2 • ([EMIm]Cl)] + , re-
pectively [3] . The chloroaluminate intercalation was evident from the
ntensity increase of AlCl 4 − signal while charging and its subsequent in-
ensity decrease while discharging. The in-situ XRD patterns of GP cath-
de are shown in Fig. 3 c . During the charge process, beside the origi-
al (002) peak of GP at 26.58° ( d ∼ 3.37 Å), two additional diffraction
eaks emerged at around 23.37° (d ∼ 3.84 Å) and 27.96° (d ∼ 3.20 Å),
evealing the interlayer distance variations induced by the AlCl 4 − an-
ons intercalation [3] . Upon discharging, these two peaks gradually van-
shed, and only a single (002) peak at 26.60° ( d ∼ 3.37 Å) was remained
hen the cell was discharged to 0.50 V. Importantly, there is nearly
o position shift of the (002) peak after a charge-discharge cycle, in-
icating the high lattice stability of GP cathode. Moreover, the ex-situ

PS spectra at Al 2p and Cl 2p regions of GP cathode were also col-
ected at pristine, fully-charged and fully-discharged states, as shown in
ig. S5 . The peak intensities of Al and Cl species obviously increased
t fully-charged state while substantially reduced at fully-discharged
tate, verifying that the AlCl 4 − anions were reversibly intercalated/de-
ntercalated into/from the GP cathode. 

The function mechanism of GP ACC was also investigated by various
n-situ and ex-situ characterizations. Fig. 3 d displays the in-situ Raman
pectra of AlCl 3 /[EMIm]Cl electrolyte on the surface of GP ACC during
he 2nd cycle. As summarized in Fig. S6 , the peaks centered at 177 and
10 cm 

− 1 were assigned to Al 2 Cl 7 − anions, and the peaks at 345 and
89 cm 

− 1 were attributed to AlCl 4 − and [AlCl 2 • ([EMIm]Cl)] + , respec-
ively. Compared to Fig. S4 , the slight deviations of Raman peak posi-
ions were caused by the change of the chemical environment. The char-
cteristic peak of [AlCl 2 • ([EMIm]Cl)] + cations decreased while charg-
ng and then recovered back while discharging, owing to the partici-
ation and concentration variation of AlCl 2 • ([EMIm]Cl)] + cations dur-
ng the Al plating/stripping processes on GP ACC. Notably, the in-situ

RD patterns of GP ACC at the (002) diffraction peak region of GP
20 − 30°) show almost no change during the charge-discharge processes
 Fig. S7 ), indicating that there is no ion intercalation/de-intercalation
ccurred in the GP ACC. Fig. 3 e and its inset display typical TEM and
RTEM images of the GP ACC at fully-charged state, respectively. Clear
l (111) lattice planes were observed from the HRTEM image, suggest-

ng the presence of Al electro-plating/stripping behavior on the GP ACC.
oreover, as shown in the wide-region XRD patterns of the GP ACC at

ully-charged state ( Fig. 3 f ), the diffraction peaks corresponding to the
111) and (200) planes of metal Al particles were emerged at 38.7° and
3.4°, respectively, confirming the Al plating/stripping mechanisms on
P ACC. Fig. 3 g shows the Al 2p XPS profiles of the GP ACC at fully-
harged state etched by Ar-ion bombardment for different durations.
he peak located at 72.8 eV was attributed to the metal Al. The Al 2p
eak still existed even after the Ar-ion etching for 25 min, indicating
he abundant electro-deposition of Al metal during the charge process.
he AES image and corresponding elemental mappings of a GP ACC at
ully-charged state after 20 min of Ar-ion etching are shown in Fig. 4 h,

 . The relatively weak Auger signals of C and the strong Auger signals
f Al indicated the electro-plating of Al metal on the surface of GP
CC. The remaining Auger signals of Cl species were attributed to the

rapped/adsorbed electrolyte on GP ACC. Moreover, Fig. 4 j exhibited
he Al KLL AES profiles of a GP ACC at fully-charged state after differ-
nt Ar-ion etching durations. The kinetic energy of Al KLL shifted from
384.6 eV to 1382.7 eV after Ar-ion etching for 20 min, proving the
ormation of metal Al on GP ACC while charging. 

Corresponding to the above results, the redox reactions in the AIBs
ased on GP cathode and Al anode or various ACCs in the charge-
ischarge processes can be written as: 

athode ∶ C n +AlCl − ⇌ C n 
[
AlC l 4 

]
+ e − (1) 
4 
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Fig. 3. In-situ and ex-situ characterizations of the AIBs based on GP cathode and GP ACC. a, b In-situ Raman spectra recorded on GP cathode, showing the 
Raman signals of a the GP cathode and b the AlCl 3 /[EMIm]Cl electrolyte on the surface of GP cathode during the 2nd cycle, respectively. c In-situ XRD patterns 
of the GP cathode during the 2nd cycle. d In-situ Raman spectra recorded on GP ACC, showing the Raman signals of AlCl 3 /[EMIm]Cl electrolyte on the surface of 
GP ACC during the 2nd cycle. e TEM image of GP ACC at fully-charged state. The inset shows a HRTEM image of a metal Al particle electro-plated on GP ACC 
during the charging process. f XRD patterns of GP ACC at fully-charged state, showing the diffraction peaks of metal Al particles electro-plated on GP ACC during 
the charging process. g XPS Al 2p spectra of GP ACC at fully-charged state etched by argon ion bombardment for 0, 5, 10, 15, 20 and 25 min, respectively. h AES 
image and i corresponding AES elemental mappings of GP ACC at fully-charged state etched by argon ion bombardment for 20 min. j The Al KLL AES profiles of GP 
ACC at fully-charged state etched by argon ion bombardment for 0, 10 and 20 min, respectively. 

465 
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Fig. 4. Ex-situ characterizations of Mo, Cu, Ag, Ni, steel and Mg ACCs. a, b Ex-situ XRD patterns of Mo, Cu, Ag, Ni, steel and Mg ACCs at fully-charged state 
after 100 cycles 50 mA g − 1 , respectively. c–n SEM images and corresponding EDS elemental mappings of Mo, Cu, Ag, Ni, steel and Mg ACCs at fully-discharged state 
after 100 cycles 50 mA g − 1 , respectively. 
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node ∶ AlC l 2 ⋅EMIm Cl + +2A l 2 Cl − 7 +3 e 
− ⇌ Al + 4AlCl − 4 + [ EMIm ] Cl (2)

here n is the number of carbon atoms involved for the intercalation of
ach AlCl 4 − anion in the GP cathode. In this work, n is calculated to be
4, according to the experimental results in Fig. 2 c , which is about one
hird higher than the theoretical prediction in previous literature [26] ,
ollowing a general trend of secondary batteries that the experimental
apacities are normally lower than the theoretical maximum capacities.

To explore the working mechanism and surface corrosion degree of
o, Cu, Ag, Ni, steel and Mg ACCs in initial-anode-free AIBs, ex-situ
466 
RD, SEM, EDS and XPS characterizations have been comprehensively
onducted. The XRD patterns of various metallic ACCs at fully-charged
tate are shown in Fig. 4 a, b . Two new diffraction peaks correspond-
ng to the (111) and (200) planes of metal Al were emerged at 38.7°
nd 43.4°, respectively, further verifying the electro-deposition of metal
l particles during the charge processes. To inquire the surface mor-
hologies and anti-corrosion properties of these ACCs in AIBs, ex-situ

EM and EDS analyses were performed before and after 100 cycles at
 current density of 50 mA g − 1 ( Fig. 4 c–n and Fig. S8 ). Specifically,
he Mo ACC at fully-discharged state presented a smooth surface mor-
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hology without recognizable signs of corrosion ( Fig. 4 c, d ), indicating
ts good anti-corrosion performance and high electrochemical stability
n AIBs. In contrast, the Cu, Ni, Ag and steel ACCs exhibited uneven
nd rough surfaces as pointed out by the areas outlined with yellow
ash lines ( Fig. 4 e–k ), revealing the side reactions and surface corro-
ions triggered by the Cl − -containing electrolyte during cycling, which
esulted in relatively low capacity, inferior CE and poor cycling life.
otably, the unusual high content of Cl element (23%) on Ag ACC at

ully-charged state is in sharp contrast to those of Mo, Cu, Ni, steel and
g ACCs, as revealed by EDS analysis ( Fig. S8 ), indicating the formation

f AgCl on the surface of Ag ACC. XPS analysis was further conducted
o investigate the compositions and chemical states of the substances
n the surface of Ag ACC at fully-charged state ( Fig. S9 ). In the Ag 3d
PS spectrum ( Fig. S9a ), two sharp peaks at around 367.44 eV and
73.47 eV were assignable to Ag 3d 3/2 and Ag 3d 5/2 bands belonging to
g + species [27] , verifying the formation of AgCl during cycling, which

ed to the poor electrochemical performances of Ag ACC based AIBs.
oreover, the Al 2p XPS spectrum of Ag ACC at fully-charged state ex-

ibited a strong peak at around 72.8 eV corresponding to metal Al ( Fig.

9b ), further confirming the electro-plating/stripping of Al, which was
onsistent with the ex-situ XRD result ( Fig. 4 a ). The SEM image and
orresponding EDS elemental mappings of Mg ACC at fully-discharged
tate ( Fig. 4 m, n ) revealed that the entire surface was very rough due to
he Cl − corrosion. At fully-charged state, the rugged surface of Mg ACC
as covered by Mg- and Al-containing components ( Fig. S10 ), confirm-

ng the electro-plating of metal Al on the corroded Mg ACC. To further
xplore the corrosion degree of Mg ACC, cross-section SEM character-
zation and EDS elemental mappings of Mg ACC at fully-charged state
ere carried out, as shown in Fig. S11 . The lumpy morphology and the
resence of Al species on the surface of Mg ACC confirmed the etch-
ng of Mg ACC by AlCl 3 /[EMIm]Cl electrolyte during cycling, which is
he main reason resulted in the inferior cycling stability of the Mg ACC
ased AIBs. 

. Conclusion 

In summary, here we present the proofs-of-concept of initial-anode-
ree AIBs consisted of GP cathode, AlCl 3 /IL electrolyte and various types
f ACCs without the necessity to employ any initial anode materials.
he crucial function of the carbon or metal based ACCs is to serve as
 substrate for electrochemical plating/stripping of metal Al. To com-
rehensively understand the working mechanisms of initial-anode-free
IBs, a series of in-situ and ex-situ spectroscopic and microscopic anal-
ses were conducted. The systematic characterization results indicated
hat the charge/discharge processes were based on the AlCl 4 − intercala-
ion /deintercalation into/from the GP interlayers on the cathodic side
nd the plating/stripping of metal Al particles on the anodic side, re-
pectively. However, the anti-corrosion capabilities of the ACCs against
l − ions do greatly influence the electrochemical performances of the
IBs. The GP and Mo foils were verified to be favourable choices of ACC
aterials for initial-anode-free AIBs, exhibiting high CE values and cy-

ling stability owing to their high anti-corrosion capability in AlCl 3 /IL
lectrolyte. On the contrary, Cu, Ag, Ni, steel and Mg foils led to inferior
lectrochemical performances because of their vulnerability against the
orrosion of Cl − ions to varying degrees. This work provides a helpful
uide on the mechanism understanding and key component screening
f initial-anode-free secondary batteries. 

. Methods 

.1. Chemicals and materials 

Anhydrous aluminum chloride (99.985%) was purchased from Alfa
esar. 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) (99.0%) was
urchased from Macklin Biochemical Co. Ltd. Commercial GP (50 𝜇m
hickness) was purchased from Jinglong Special Carbon Co. Ltd. Al foils
467 
0.1 mm thickness, 99.99%) and Mo foils (0.02 mm thickness, 99.99%)
ere purchased from Zhicheng Metal Co. Ltd. Cu foils (0.05 mm thick-
ess, 99.99%) were purchased from ShunXingwang Materials Co. Ltd.
g foils (0.02 mm thickness, 99.999%) were purchased from Xinye Ma-

erials Co. Ltd. Ni foils (0.01 mm thickness, 99.99%) were purchased
rom Xingye Experiment Co. Ltd. Stainless steel (SS304, 0.2 mm thick-
ess) foils were purchased from TianChenghe Experiment Co. Ltd. Mg
oils (0.05 mm thickness, 99.99%) were purchased from Huabei Magne-
ium Co. Ltd (Hebei, China). All the chemicals and materials were used
irectly without further purification. 

.2. Preparation of GP electrodes 

Briefly, commercial GP with 50 𝜇m thickness was calcined in Ar flow
50 sccm) at 1000 °C for 3 h to remove residual moisture and unfavor-
ble functional groups on the surface. After cooling to room temper-
ture, the GP electrodes were stored in an Ar-filled glovebox ([O 2 ] <
.1 ppm, [H 2 O] < 0.1 ppm) for further use. 

.3. Preparation of AlCl 3 /[EMIm]Cl electrolyte 

Briefly, 1-Ethyl-3-methylimidazolium chloride ([EMIm]Cl) and an-
ydrous aluminum chloride (AlCl 3 ) were mixed with a molar ratio of
.3:1 in an Ar-filled glovebox, and then stirred for 2 h to obtain the
esulting IL electrolyte. 

.4. Electrochemical measurements 

The 2032-type coin cell was constructed by using GP cathode and 40
L of AlCl 3 /[EMIm]Cl electrolyte. An additional Mo foil with a diameter
f 19 mm was placed between the cathode and the stainless-steel cell
hell to prevent the IL electrolyte from corroding the cell shell. On the
nodic side, Al foil with a diameter of 14 mm was used as anode for the
onstruction of conventional AIBs; Alternatively, various other materials
including GP Mo, Cu, Ag, Ni, steel and Mg) with a diameter of 14 mm
ere used as ACCs for the construction of initial-anode-free AIBs. Glassy
ber membrane (Whatman GF/D) was placed between the cathode and
he anode (or ACC) as separator. The CV curves of AIBs were tested
ith a Chenhua CHI-760e electrochemical workstation. The galvanos-

atic discharge-charge curves and rate performance of AIBs were mea-
ured on a multichannel battery test system (Wuhan LAND CT2001A).
he GP electrode discs with a diameter of 14 mm has an average mass
f ∼10 mg. The active materials mass of all batteries was set 10 mg
nd therefore the batteries gave a mass loading of active material was
6.50 mg cm 

− 2 . 

.5. In-situ and ex-situ characterizations 

A field-emission scanning electron microscope (FESEM, FEI Nova
anoSEM 450) coupled with an X-ray energy dispersive spectroscope

EDS, Burker X-flash 6|30) and a transmission electron microscope
TEM, JEOL JEM-2100F) were used to analyze the morphological and
ompositional features of the electrode materials. In-situ Raman spec-
roscopy was performed on a Horiba HR Evolution Raman spectrometer
oupled by an in-situ Raman characterization cell (with a quartz opti-
al window, as shown in Fig. 1 b, d ) source during charge-discharge
ycles at the current density of 80 mA g − 1 . To avoid the possible influ-
nce of photoluminescence, a laser source of 473 nm wavelength length
blue) was used to excite the Raman signals. In-situ XRD measurements
ere conducted on a Shimadzu LabX XRD-6000 with a Cu K 𝛼 radiation
 𝜆 = 1.54178 Å) coupled by an in-situ XRD characterization cell (with
 beryllium window) during charge-discharge cycles at 80 mA g − 1 . The
eight of in-situ cell was aligned by the characteristic (002) peak of pris-
ine graphite located about 26.38° After acquirement, the calculation
ight the adjust the (002) peak position to 26.38° by minus the offset.

or ex-situ XPS and AES characterizations, the electrode was charged
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r discharged to designated voltages. The cell was disassembled in an
r-filled glovebox and the electrode was washed with methanol three

imes to remove the residual electrolyte. Then the electrode was quickly
ransferred in to the vacuum chamber of a PHI-5000 VersaProbe Ⅲ X-ray
hotoelectron spectrometer for both e x-situ XPS and AES analyses by us-
ng an Al K 𝛼 X-ray source coupled with an Ar-ion etching/bombardment
pparatus (Eqs. (1) , (2) ). 
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