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ABSTRACT: Aluminum foil is a promising candidate anode material
for lithium-ion batteries (LIBs), due to its high theoretical capacity, low
lithiation voltage, and abundance. However, as a matter of fact, it has
been a great challenge to make Al foil cycle in full cells at industrially
acceptable areal capacities of 2−4 mAh/cm2 for commercial 18650
LIBs and some high-power LIBs. In this study, we defined the concepts
of electrochemical true contact area (ECA) (areas with perfect
electrolyte/electrode contact) and electrochemical noncontact area
(ENA) (referred to regions without electrolyte spread on) for the metal
foil anode. An initial ECA/ENA partition would cause severe
inhomogeneity of the alloying reaction, cause localized electrode
pulverization, and exacerbate ECA/ENA inequality even more.
Through a phosphate conversion coating on aluminum foil, we killed two birds with one stone: first, the Al foil with a
phosphate conversion coating has improved wettability (characterized by the contact angle that decreased from 35.2 to 15.9°)
and favors the elimination of ENA, thus guaranteeing uniform electrochemical contact; also, the coating functions as an artificial
solid electrolyte interface, which stabilizes the fragile naturally formed solid electrolyte interface and a “steady-state” electrolyte/
electrode interface. Therefore, when pairing the phosphated Al foil anode against a commercial LiFePO4 (LFP) cathode (with
∼2.65 mAh/cm2), it can cycle 120 times without Li excess and stabilizes at 1.27 mAh/cm2.
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1. INTRODUCTION

Aluminum should be one of the best anode materials for LIBs,
due to its high theoretical capacity (993 mAh/g if lithiated to
AlLi),1 low electrochemical potential (∼0.2−0.45 V vs Li+/Li),
low cost (∼$2 kg−1),2 superior electrical conductivity, and so
on. While most efforts were devoted to nanostructured Al
electrodes,2,3 the inherent drawback of high surface area that
usually leads to a large amount of electrolyte decomposition
and inadequacy in tap density that causes poor volumetric
energy has overshadowed the above-mentioned advantages of
Al anodes. Therefore, Al foil, which is fully dense and self-
supporting and can be produced in large quantities by roll-to-
roll processing, should be an attractive anode for rechargeable
lithium-ion batteries. Although some attempts were made to
apply Al foil anodes into LIBs,4 the result of full-cell cycling is
quite disappointing. In particular, when paired against cathodes
with industrially acceptable areal capacities of 2−4 mAh/cm2

for commercial 18650 LIBs and some high-power LIBs, deeply
charged/discharged, serious degradation is observed. It is
commonly believed that the failure of Al foils in full cells could
be ascribed to pulverization due to repeated volume
expansion/shrinkage during charging/discharging.

Curiously, we disassembled an Al//Li half-cell that was
cycled 7 times without further electrolyte washing and found
several large unreacted regions (marked as the blue region in
Figure 1a,b), where no energy-dispersive X-ray spectroscopy
(EDS) signals of electrolyte’s solvent or salt were detected
(Figure S1a), and some “corroded” areas (marked as the red
region in Figure 1a,b) with cracked mudlike bumps composed
of fluorine-containing compounds (Figure S1b) were randomly
distributed. We speculate that this is due to liquid electrolyte
wetting issue, and to help the discussion, we conceptually
divide the Al foil into an electrochemical true contact area
(ECA) (referred to regions with perfect liquid electrolyte/
electrode contact) and an electrochemical noncontact area
(ENA) (referred to regions without liquid electrolyte). The
term “true contact area” is to distinguish from the “nominal
contact area”.5 Generally speaking, particulate-based anodes,
especially nanoparticles, have much larger ECA (unit m2/kg)
than foil anodes, which can decrease solid-state lithium
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diffusion distance and readily promote lithiation/delithiation
dynamics. However, too big ECA usually leads to more side
reactions and higher amount of electrolyte decomposition,
which consumes both electrolyte and active lithium, and

consequently make the full-cell batteries die quickly because of
cyclable lithium- or/and solvent-exhaustion. Therefore, for
electrode applications, there should be an optimum granularity,
from which the foil anode apparently deviates, and is on the
coarser side. Unfortunately, poor electrolyte wettability on foil
electrodes makes the situation even worse. As illustrated in
Figure 1c, because of the partially wettable foil surface, the
electrolyte would only partially cover the anode as pools,
instead of spontaneously spreading as an all-covering film. In
this case, both the ECA with an access to lithium ions and the
electrolyte-free ENA exist. During lithiation, in contrast to
ECA regions’ enormous dimensional change, the adjacent
ENA regions maintain constant volume, which leads to huge
internal stress fluctuations and mechanical distortions and
cracking of the foil, redistribution of the limited electrolyte,
and further exacerbation of ECA/ENA inequality. Note that a
passivating solid electrolyte interphase (SEI) layer always
forms at the ECA due to the reductive decomposition of liquid
electrolytes at the low working potential of Al (<0.5 V vs Li+/
Li) once a fresh conductive surface is exposed to the
electrolyte. Such a naturally formed SEI (nSEI) is fragile,
breaks off easily, and produces fluffy debris, as the Al foil anode
expands and shrinks, which causes continuous electrolyte
consumption and an even bigger ECA that also increases
electrolyte absorption. In the end, inhomogeneity is further
aggravated and damage is localized, leading to gross
mechanical and electrical failures.
Herein, we adopt a phosphate conversion coating on an Al

foil anode to counteract the above failure mechanism in two
aspects: (a) an artificial SEI (aSEI) that is mainly composed of
AlPO4 is formed in situ and its strong adherence to the
substrate as well as the nSEI largely stabilizes the electrode/
electrolyte interface. (b) the AlPO4 layer also improves
electrolyte wetting and eliminates the ENA so that uniform
lithiation/delithiation is ensured. As illustrated in Figure 1d,
after phosphate conversion coating, the electrolyte could
readily spread across the Al surface and homogenous

Figure 1. SEM of (a) pristine Al foil anode and (b) enlarged view of
pristine Al foil after 7 cycles. Red/blue represents the wetted/
unwetted region. (Corresponding EDS analyses for Figure 1b are
shown in Figure S1.) Schemes of surface evolution of (c) pristine Al
foil and (d) photosphated Al foil anodes.

Figure 2. SEM images of the pristine Al foil surface (a) at low magnification and (b) at high magnification, (c) the phosphated Al foil surface at low
magnification (d) at high magnification. The phosphated Al mapping image of the (e) Al element, (f) O element, and (g) P element. Cross-
sectional SEM of (h) pristine Al foil and (i) phosphated Al foil. (j) XPS for the Al (2p) spectrum of phosphated Al foil. (k) XPS for the O (1s)
spectrum of phosphated Al foil. (l) XPS for the P (2p) spectrum of phosphated Al foil.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b02813
ACS Appl. Mater. Interfaces 2019, 11, 15656−15661

15657

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b02813/suppl_file/am9b02813_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b02813


expansion/contraction of the Al anode efficiently suppresses
gross mechanical failure to guarantee “steady-state” cycling.
By pairing the phosphated Al anode against a commercial

LiFePO4 (LFP) cathode with an areal capacity of 2.65 mAh/
cm2, full-cell cycling for 120 times was achieved at a current
density of 0.88 mA/cm2 (The assembling details for the full
cell are shown in Table S1). Besides, through careful
examination, we found that soluble redox mediators
(SRM)6,7 were released into the electrolyte and shuttled
between two electrodes, which explains the discrepancy
between the real capacity loss and calculated capacity loss
from Coulombic inefficiency (CI) summation.

2. RESULTS AND DISCUSSION
To make a phosphate conversion coating, the Al foil anode was
treated by H3PO4 aqueous solution, where the following
reactions are anticipated to take place8

Al H PO AlPO 2H 3e2 4 4+ → + +− +
(1)

Al O 2H PO 2H 2AlPO H O2 3 2 4 4 2+ + → +− +
(2)

After such a treatment, AlPO4 would be coated on the surface.
As indicated in Figure 2, not only the surface component but
also the morphology has been changed by the phosphate
conversion coating. Compared with the pristine Al foil (Figure
2a,b), which presents a relatively smooth and flat surface, the
phosphated Al foil shows a rough surface with uniformly
distributed pits (Figure 2c,d). From the EDS mapping, the
existence of Al, P, and O (Figure 2e−g) was confirmed. The
cross-sectional SEM images (Figure 2h,i) indicate that there
were conspicuous regular concave pits and an aSEI layer of ∼1
μm thickness covering the surface. Furthermore, X-ray
photoelectron spectroscopy (XPS) is performed to analyze
the surface elements and their corresponding valence of
phosphated Al foil. Consistent with EDS results, Al, P, and O
were detected (Figure 2j−l). The Al 2p peaks at 75.4 and 72.8
eV (Figure 2j) are in correspondence with the reported values
of Al2O3

9 and the Al substrate.9 The Al 2p at 74.5 eV is in
good agreement with the reported values for AlPO4 film

10,11

and AlPO4 bulk
12,13 samples. Furthermore, in Figure 2k, the O

1s spectra at 532.1 eV is attributed to Al2O3,
14 and the peak at

531.9 eV is consistent with the chemical environment of
AlPO4.

1313 The P 2p peak at 133.4 eV is consistent with the
reported value of amorphous AlPO4

15 (Figure 2l). We
anticipate that the metallic aluminum might come from the
unreacted surface16−18 (Figure S2), which indicates that the
phosphate conversion coating on Al foil might be not that
uniform so far and therefore should be further improved in the
future. It is reasonable to conclude that the surface layer mainly
consists of AlPO4 and Al2O3.
Then, we investigated the wettability of those two Al foil

anodes. While the contact angle of the pristine Al foil is 35.2°,
it decreases to 15.9° after phosphate treatment (Figure 3a,3b),
indicating that electrolyte wetting was enhanced for the
phosphated Al anodes. The precise reason for such an
enhancement is not clear yet, and it is highly possible that
the AlPO4 coating works synergically with the rough surface
morphology to improve the apparent wetting angle. When the
liquid electrolyte was dropped off on the surface of pristine Al
foil, there was a visual localization of the electrolyte (Figure 3c,
Video S1), indicating that both the ECA and ENA would
appear in cells. In contrast, with an equal amount of the liquid
electrolyte on the phosphated Al anode, no ENA could be

observed (Figure 3d, Video S2). As discussed in Figure 1, the
existence of ENA would lead to inhomogeneous alloying
reaction and subsequent acceleration of gross failure. On the
other hand, the complete spreading-over of the electrolyte on
the phosphated Al anode significantly facilitates the homoge-
nous volume expansion/shrinkage during charging−discharg-
ing cycles and thus better electrochemical performance should
be achieved.
Gassing, which has been confirmed in graphite,19−21

silicon,22,23 and tin anodes (unpublished reference),26 also
exists in the Al anode. As shown in Figure S3, gassing can be
monitored by in situ differential electrochemical mass
spectrometry. For Al//Li half cells, gassing is apparent during
the alloying stage. The generated gas bubbles would stick on
the surface of Al foil, which cuts off the Li-ion transporting
channels. For pristine Al foil, it sticks to the surface tightly. In
contrast, the phosphated Al foil with greater liquid wettability
helps the generated gas bubbles to detach from the surface
quickly (Supporting Information Figure S4, and Videos S3 and
S4). The difference in newly formed gas bubble stability would
further influence the electrolyte/electrode contact and
eventually affect mechanical breaking and spallation of the
SEI, as illustrated in Figure 1c.
The electrochemical performance of Al foil anodes was

examined in both Al//Li half cells and LFP//Al full cells. From
the voltage profile (Figure S5) of the Al//Li half cell, the
plateaus at 0.30 and 0.41 V correspond to Al + Li+ + e− → LiAl
(0.30 V vs Li+/Li) and LiAl → Al + Li+ + e− (0.41 V vs Li+/
Li), respectively. Meanwhile, in the LFP//Al full cell, during
charging, the following reactions occur: LiFePO4 →
Li1−xFePO4 + xLi+ + xe− (3.44 V vs Li+/Li) and Al + Li+ +
e− → LiAl (0.30 V vs Li+/Li); during discharging, Li1−xFePO4
+ xLi+ + xe− → LiFePO4 (3.39 V vs Li+/Li) and LiAl → Al +
Li+ + e− (0.41 V vs Li+/Li). The CE of such alloying reactions
is 99.5% (Figure S6), indicating the reversibility of the alloying
reaction of lithium and aluminum at the anode side. As
demonstrated in Figure 4a, the average Coulombic efficiency
(CE) of the pristine Al anode and phosphated Al anode at
0.5C is 99.02% and 99.15%, respectively. Besides the CE
improvement, the phosphated Al anode seems to reduce the
polarization voltage compared with the pristine Al anode
(Figure S7), indicating an improved electrolyte/electrode
contact. The increasing Coulombic efficiency is affected by
gassing behavior that originated from electrolyte decomposi-
tion (Figure S3). The generated gas bubbles would first absorb
on the surface of the Al foil anode, which would inevitably
isolate the active material from the electrolyte and then make

Figure 3. Contact angle between the surface of (a) pristine Al foil and
(b) phosphated Al foil and the electrolyte. Electrolyte spreading on
the surface of (c) pristine Al foil and (d) phosphated Al foil.
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the local lithiated Al inactive temporarily. With prolonged
cycling, the absorbed gas bubbles detached and thus the
inaccessible area became active again, rendering an increasing
Coulombic efficiency. Compared to the pristine Al foil anode,
the phosphated Al foil has better wettability to the electrolyte,
facilitating gas bubble desorption from the surface and
therefore higher CE was observed. Besides, by pairing a
commercial LFP cathode (areal capacity of 2.65 mAh/cm2)
against Al foil anodes, we evaluate full-cell cycling before and
after phosphate conversion coating. As revealed in Figure 4b,
the phosphated Al foil anode exhibits better cycling stability
than the pristine Al anode. At a current density of 0.885 mA/
cm2 (from the second cycle, and the initial current density is
0.221 mA/cm2), the average CE of the full cell with a
phosphated Al foil anode is 99.02% in 80 cycles, whereas the
LFP//pristine Al presents a lower average CE of 97.74%. Even
after 120 cycles, the average CE of the full cells with a
phosphated anode is 99.11%. The cell with the phosphated Al
foil anode presents a lower polarization voltage (Figure S8),
which is consistent with the results obtained for half cells
(Figure S7).
However, after close examination of the CE, it is important

to note that the real capacity retention fraction after 120 cycles
is 54% of its initial capacity (2.65 mAh/cm2), higher than
(99.11%)120 = 34%. We further measure the Coulombic
inefficiency cumulant (CIC) that represents the capacity loss
calculated based on electron transport monitored by external

circuit and capacity fade fraction (F) that is defined as the true
discharge capacity loss fraction in LFP//Al full cells without
any initial lithium excess.6 When cycling for 100 cycles, Fn for
phosphated Al foil is 42%, much lower than that of pristine Al
foil with Fn (93%). The corresponding areal capacity of
phosphated Al foil is 1.4 mAh/cm2, greatly higher than that of
pristine Al foil of 0.18 mAh/cm2. As indicated in Figure 4c,
there is an apparent discrepancy between the CICn and Fn
curves (n represents the nth cycle), especially for the
phosphated Al foil. The CICn after 120 cycles is ∼77%,
much higher than the Fn value of ∼46%. Thus, the actual
outcome is more optimistic than what the Coulombic
inefficiency cumulant predicts. We hypothesize that there
might be SRM during cycling. To verify this hypothesis, cyclic
voltammetry (CV) is performed with the used electrolyte in
LFP//Al full cells after one cycle. A new separator is used to
collect the electrolyte and is resembled into a stainless steel//
stainless steel cell. With a fresh electrolyte, there is a
“capacitor-like” curve.7 With the recycled electrolyte, however,
an unbalanced charge integral exists as indicated in Figure 4d,
which shows that soluble redox species are produced during
full-cell cycling. The actual capacity loss (∼46%) after 120
cycles should correspond to a nominal Coulombic efficiency of
99.5%, an excellent value in full cells compared to other
metallic foils, such as lithium anodes.24

Postmortem microstructures of pristine and phosphated Al
foils cycled in full and half cells were examined. For the LFP//
Al full cells with a pristine Al foil anode, local areas show large
reaction depth with thickness changing from the initial 96 to
∼135 μm after 120 cycles (Figure 4j). However, the thickness
changes from the initial 80 to 109 μm uniformly for
phosphated Al (Figure 4i). This proves that phosphated Al
foil undergoes spatially more uniform electrochemical alloying
with lithium. The Al//Li half cells (charging/discharging 0.885
mAh/cm2) show similar results. From Figure 4e,f, one could
observe a significant difference even through only cycled once
in half cells. For pristine Al, localization of the electrochemical
reaction is obvious: some areas do not react and retain the
original surface (area 3 in Figure 4e), whereas other regions
show cracked mudlike bumps (area 1 and area 2 in Figure 4e).
Conversely, one could observe a continuous and uniform
reaction surface for the phosphated Al foil (Figure 4f). Also, a
striking contrast is revealed in the corresponding cross-
sectional SEM images, and the thickness gain for pristine Al
foil is ∼6.2 μm, which is higher than its counterpart
phosphated foil, ∼3.6 μm (Figure 4g,h). To learn about the
spatial uniformity of thickness growth after longer cycling, a
coefficient of variation (CV) is computed, describing the
variance for thickness growth at different locations.25 As
indicated in Figure S9, CV for pristine Al foil after 10 cycles is
3.0−3.3%, in contrast to 1.5−2% for phosphated Al foil. Lower
CV means more uniform thickness increment. Besides, as
shown in Figure S10, impedance of pristine Al is much larger
than that of phosphated Al foil. This indicates that the
phosphated coating facilitates a stable composite SEI with a
lithiated aSEI and nSEI, which enables strong binding with
each other as well as with the Al matrix. For pristine Al foil,
nSEI can be easily broken and even isolated from the matrix,
which leads to further consumption of the electrolyte and
active lithium. These results, including low and uniform
thickness increment, together with uniform surface and small
impedance, demonstrate that phosphated Al possesses less

Figure 4. (a) Coulombic efficiency of the Al//Li cell with pristine Al
foil or phosphated Al foil. (b) Long cycle performance of the LFP//Al
cell with pristine Al foil or phosphated Al foil (areal capacity of the
LFP cathode is 2.65 mAh/cm2). (c) Comparison between CICn and
Fn of full cells. (d) Cyclic voltammetry (CV) for the steel//steel cell
with the recycled electrolyte between 0 and 3 V with a scan rate of 0.1
mV/s. (e) Top-view SEM image of pristine Al foil and (f) top-view
SEM image of phosphated Al foil after one cycling in an Al//Li half
cell. Corresponding side-view SEM images of (g) pristine Al and (h)
phosphated Al foil after one cycling. (i) Side-view SEM image of
phosphated Al foil in LFP//Al full cells after ∼120 cycles. (j) Side-
view SEM image of pristine Al foil in LFP//Al full cells after ∼120
cycles.
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ENA and more stable composite SEI (aSEI + nSEI), which
turns into better electrochemical performance.6

As a matter of fact, the capacity loss is still significant for
industrial applications. Therefore, we developed a roll-to-roll
prelithiation technology and ∼4 mAh/cm2 (Figure S11) was
prelithiated into Al foil, which corresponds to 1.5× Li excess.
We then achieved 84% capacity retention after 95 cycles
(Figure S12). Within the preliminary attempt for Al foil with
the prelithiation process, the high lithium loss in the first cycle
was largely compensated and the initial CE was improved from
72% to 91% (Figure S13). Moreover, the stabilized areal
capacity is boosted to 2.2 mAh/cm2 after prelithiation (Figure
S12). For Al foil, in the future, the approach might boost Al
foil industrialization as anodes in LIBs. Based on the
estimation in the Supporting Information, for the same areal
capacity of 2.65 mAh/cm2, 40 μm thick prelithiated Al foil
would be sufficient, cutting down 25% volume compared to
the graphite anode. Besides, compared to other alternative self-
supporting anodes, such as graphene paper, the Al foil anode
has much better electrical conductivity and mechanical
properties. Also, the free-standing Al foil anode eliminates
the usage of the Cu foil current collector, the cost of which
(∼$10 kg−1) is much higher than Al (∼$2 kg−1). Additionally,
some inactive components like binders and conductive agents
could also be waived, so that the industrial production is
largely simplified as well.

3. CONCLUSIONS
In conclusion, we proved the existence of an ENA in a bare Al
foil anode, which obviously degrades the electrochemical
performance. To eliminate such a destructive phenomenon, a
phosphate conversion coating was adopted, which turns out to
improve the electrolyte wettability and promote gas bubble
detachment, and thus the electrolyte fully spreads over the Al
anode to ensure a uniform alloying reaction. After such a
treatment, the phosphated Al foil achieves full-cell cycling with
1.27 mAh/cm2 after 120 cycles. The in situ generated AlPO4
layer also works as an aSEI to facilitate stronger binding
between the compound SEI and matrix, promoting the stability
of the SEI. Therefore, a uniform reaction area was ensured. A
large part of the full-cell capacity loss comes from the low
initial Coulombic efficiency, so we will try prelithiation to
enhance the properties further. The phosphate conversion
coating on a self-supporting metallic foil anode is a cheap and
general industrial process, which can be easily scaled up and
provides a practical strategy to improve the electrochemical
performance of metallic foil anodes in LIBs.
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