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ABSTRACT: At the mesoscopic level of commercial lithium ion battery
(LIB), it is widely believed that the poor contacts between current
collector (CC) and electrode materials (EM) lead to weak adhesions and
large interfacial electric resistances. However, systematic quantitative
analyses of the influence of the interfacial properties of CC are still scarce.
Here, we built a model interface between CC and electrode materials by
directly growing hierarchical graphene films on commercial Al foil CC, and
we performed systematic quantitative studies of the interfacial properties
therein. Our results show that the interfacial electric resistance dominates,
i.e. ∼2 orders of magnitude higher than that of electrode materials. The
interfacial resistance could be eliminated by hierarchical graphene
interlayer. Cathode on CC with eliminated interfacial resistance could
deliver much improved power density outputs. Our work quantifies the
mesoscopic factors influencing the battery performance and offers practical
guidelines of boosting the performance of LIBs and beyond.
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The lithium ion battery (LIB) has revolutionized the
consumer electronics and electric vehicles industries, and

it is finding its way to prospective smart power grids.1,2

Strenuous efforts, which include the consummation of
electrode materials,3−6 and the electrolyte recipes7,8 at the
single component level and the improvement of the
manufacturing process,9,10 have been devoted toward safer
and higher energy/power density of LIBs. However, during
this uphill progress, the basic configuration of LIB remains
conservative, namely, it consists of cathode, anode, electrolyte,
separator, and current collector, etc.1 Therein, a current
collector (CC), which mechanically supports the electrode
materials (EM) and electronically bridges the internal
electrochemical and external electric circuit, is an indispensable
player in LIB.11 Material candidates of current collector should
meet the following criteria simultaneously: have good electric
conductivity; have robust chemical and electrochemical
stability, be inexpensive and easily available; and be light-
weight. In compliance with such demanding criteria,
commercial CCs for the cathode and anode electrode are
almost confined to Al foil and Cu foil, respectively.
However, there are intrinsic defects originating from the

mesoscopic electrode configuration. On one hand, for the sake
of decent energy density and minimized side reactions, the
active materials are usually on the order of micrometers;6,12,13

on the other hand, as schematically shown in Figure 1a,
micrometer-sized active materials have limited interface
contacts with bare Al foil (denoted hereafter as “b-Al”). The
electrode configuration thus falls into a dilemma.
Consequently, EM are prone to delaminating from bare

current collector due to poor adhesion and a large interfacial
resistance exists at the CC/EM interface, because of limited
electric channels. Because of the presence of a native
electrically insulating aluminum oxide layer on Al foil, this
problem is particularly highlighted on the cathode/Al foil
interface.14,15 The awesome interfacial resistance impairs the
power properties (such as fast charging and high-power-
discharging) of LIBs dramatically.16 Thus, for the amelioration
of LIB, it is of primary significance to revisit the mesoscopic
electrode configuration with a focus on the interfacial
properties of current collector. Roughened Al current
collector,17,18 carbon-coated Al foil19,20 (or its derivatives of
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carbon nanotube-coated Al foil21 or graphene-coated Al
foil22,23), and vertical graphene current collectors,24 etc., have
been proposed to enhance the CC/EM interface. Despite these
progress achieved, few works are dedicated to the quantitative
analysis as to the interfacial properties at the mesoscopic level.
Here, we approach this issue by building a model interface of

Al foil current collector, i.e., with directly synthesized
hierarchical graphene (denoted hereafter as “hG-Al”), as
schematically shown in Figure 1b. Systematic quantitative
studies, including mechanical, electric, and electrochemical
tests, are performed to reveal how the hierarchical graphene
interlayer influences the performance of electrodes quantita-
tively at the mesoscopic level. Mechanical tests indicate that
the adhesion strength of electrode on hG-Al current collector
was improved by ca. 5-fold, compared to that on pristine bare
Al foil. Electric tests show that the interfacial resistance is ca. 2
orders of magnitude higher than electrode materials resistance,
being dominant in the entire electrode. By contrast, the
hierarchical graphene interlayer could almost eliminate that
awesome interfacial resistance. Ultimately, the electrochemical
performances, particularly the power performances of electro-
des with a hierarchical graphene interlayer, are significantly
improved.
The growth of graphene on Al foil substrate is challenging,

with respect to well-established copper substrate, given that the
Al foil has a much lower melting point (∼660 °C) and limited
catalytic capability.25 Therefore, we turned to plasma-enhanced
chemical vapor deposition (PECVD) technology, which could
help fragment the precursors at relatively lower temperature to
accomplish the synthesis of graphene on Al foil at 600 °C (See
the Methods section in the Supporting Information for
details). Beyond, the community comes to appreciate the
significance of the mass production of graphene-based

materials to fully release its potentials.26−28 Here, a
prototypical setup was built to mass produce hierarchical
graphene on Al foil. The basics of setup design here is to
customize the PECVD technology into roll-to-roll (R2R)
configuration that we developed previously (see Figure 2a, as
well as Figure S1 in the Supporting Information).29

During the synthesis of graphene on Al foil, we observed a
clear-cut morphology evolution. At the initial stage, the
synthesized graphene was planar and there was no obvious
color change of Al foil (see Figure S2 in the Supporting
Information).25 With the elongation of the growth time, the Al
foil turned black (Figure 2b) and the vertical branches
emerged, as clearly shown in the scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images (see
Figure 2c, as well as Figure S3a in the Supporting
Information). The height of the vertical branch is ∼300 nm
(see Figure S3b in the Supporting Information). The mass
increase of Al foil after hierarchical graphene synthesis is ca.
1%−2%.
To unveil the structural details of as-synthesized hierarchical

graphene on Al foil, we performed cross-sectional transmission
electron microscopy (TEM) studies. The high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image and elemental mappings unambigu-
ously confirmed that the as-synthesized graphene was
composed of a planar basal layer (ca. 20−30 nm) and vertical
divergent branches, and the planar basal layer is in tight and
conformal contact with aluminum oxide beneath (see Figures
2d and 2e). High-resolution cross-sectional TEM images
clearly showed that both the basal layer and vertical branches
of as-synthesized graphene were highly graphitized (see Figure
2f). Furthermore, it seems that the emergence of the vertical
branch is due to crystal mismatch, as reported previously.30

Figure 1. Schematic illustrations showing the model interface between (a) bare Al foil current collector (CC) and (b) hierarchical-graphene-
engineered Al foil CC with electrode materials (EM), respectively.
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X-ray photoemission spectroscopy (XPS) also confirmed
that the planar basal layer was chemically bound to aluminum
oxide (Figure 2g).19 Raman spectroscopy of as-synthesized
graphene showed a strong D peak (Figure 2h), implying its
defective nature (e.g., the observed mismatch).31 Rationally,
these defects can be ascribed to the low synthesis temperature
(600 °C), much lower than the synthesis temperature of
graphene on other substrates (e.g., ∼1000 °C on Cu). Self-
evidently, such vertical branches would significantly increase
the contact areas between CC and EM. Quantitative
electrochemically active surface area (ECSA) measurements
(Figure 2i) indicated that the ECSA of hG-Al was 32.2 cm2 per
square centimeter geometrically (cm2 cm−2), which is ∼1 order
of magnitude higher than that of bare Al foil (2.5 cm2 cm−2).
Intuitively, a weak adhesion strength between the CCs and

EMs means the easy delamination of EMs from CCs. It could
significantly disqualify the electrode yield during the
manufacturing process and degrade the electrode for an
enduring operation.32,33 Great significance is thus attached to
enhancing the adhesion strength between the current collector
and electrode materials. The dramatically structural difference
between b-Al and hG-Al foil motivated us to investigate their
adhesion strengths.
Commercially available olivine-type lithium iron phosphate

(LiFePO4, abbreviated as LFP; see Figure S4 in the Supporting

Information) was used as a model system for study. (See the
Methods Section in the Supporting Information for details
regarding electrode fabrication.) The mechanical peeling-off
tests showed that the average adhesion strength of the LFP
electrode on b-Al was only ∼4.21 N m−1, but was up to 20.50
N m−1 on the hG-Al current collector (see Figure 3a). The
excellent adhesion property was ascribed to three concatenated
factors deriving from the unique configuration of the hG-Al
current collector:

(i) the vertical graphene branches dramatically increase the
van der Waals interaction areas with electrode, as
indicated by the ECSA tests in Figure 2i;

(ii) the strong van der Waals interactions between the
vertical graphene branches and planar graphene basal
layer due to almost conformal contact; and

(iii) the bindings were supposed to be robust, since there
exists strong chemical bonds between the planar
graphene and Al foil.

A good adhesion property of hG-Al not only facilitates the
electrode manufacturing, but also implies a powerful electronic
network between the current collector and electrode materials.
Systematic electric measurements are then performed to
quantify this effect. In comparison with the b-Al current
collector (Figure 3b), the electrode sheet resistance on the hG-
Al current collector is reduced by more than 5 orders of

Figure 2. Synthesis and characterization of hierarchical graphene on an Al current collector. (a) Photograph of roll-to-roll (R2R) synthesized hG-Al
foil. (b) Photograph of as-synthesized hG-Al foil, whose color was black. (c) Side-view scanning electron microscopy (SEM) image of hG-Al foil
from a tilted view. (d) Cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of hG-Al
foil. (e) Elemental mappings corresponding to panel (d). Cr and Pt were thermally evaporated and sputtered sequentially to protect graphene from
possible damage during sampling. (f) High-resolution cross-sectional TEM image of the rectangle portion in panel (d). (g, h) X-ray photoemission
spectroscopy (XPS) and Raman spectroscopy of as-synthesized hG-Al foil, respectively. (i) Electrochemically active surface area (ECSA) of bare Al
foil and as-synthesized hG-Al foil.
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magnitude (see Figure 3c). Furthermore, the sheet resistance
of electrode on b-Al current collector could be hardly reduced
by increasing the content of conductive additives, while the
sheet resistance of the electrode on the hG-Al current collector
was always kept at a minimal level, regardless of the content of
conductive additives (see Figure S5 in the Supporting
Information). Notably, previous work has shown that a
graphene-coated Al current collector could only reduce the
electrode sheet resistance by ca. 1 order of magnitude.23 The
underperformance of graphene-coated Al current collector
could be attributed to the electrically insulating binder used
and rather limited ECSA induced by surface wrinkles.
Given that the electric resistance of the entire electrode is

composed of the interfacial resistance (Rinterface) and material
resistance (Rmaterial),

20 we further measured the Rinterface and
Rmaterial to probe how the interlayer functions quantitatively. As
shown in Figure 3d, the Rmaterial values of the electrodes were
independent of the CC used and can be efficiently reduced
with increased conductive additive content. However, the
Rinterface of the electrode is considerably dependent on the CCs
used. Despite the high content of conductive additives used,
the Rinterface of the b-Al current collector is always kept at a high
level and is ca. 2 orders of magnitude higher than Rmaterial. Most
strikingly, the Rinterface value of the hG-Al current collector can
be reduced by more than 2 orders of magnitude, to a level
lower than Rmaterial. Moreover, it can be seen that the entire
electrode resistance on the b-Al current collector is fairly
dominated by their interfacial resistance, whereas the
interfacial resistance on the hG-Al current collector is virtually
eliminated nonetheless (see Figure 3e). Previous results have
reported that the Rinterface value of a carbon-coated Al current
collector is reduced by only ∼1 order of magnitude.20

Compared with as-synthesized hierarchical graphene interlayer,

the carbon-based interlayer is relatively thick (on the
micrometer scale) with insulating binders used, which thus
leads to its restrained capability in reducing the interfacial
resistance. Reminiscent of the aforementioned underperform-
ance of graphene-coated Al current collector,23 our systematic
measurements unambiguously identify the most profound
mesoscopic factor influencing the electrode resistance (i.e., the
quality of the CC/EM interface) and quantify its influence.
After the systematic quantitative analyses of the interfacial

properties of CCs, we then examined the electrochemical
performance of LFP electrodes on different current collectors.
Both half-cell and full-cell tests were conducted (See the
Methods section in the Supporting Information for details). It
has been accepted within the community that, when the mass
load of the electrode materials is decent, the electrochemical
results are, therefore, more informative to guiding the battery
design.34,35 To this end, the mass load of LFP electrodes used
here is relatively thick, which is up to 12 mg per square
centimeter and is close to that in commercial LIBs.
First, the electrochemical performances of the LFP electrode

on different current collectors were examined in half-cell
configuration (Figure 4a). At a low current density of no more
than 1 C (1 C = 171 mA g−1), LFP electrodes on different
current collectors showed no prominent difference. However,
with the increase of current density, the LFP electrode on the
b-Al current collector showed a dramatic degradation, while
the LFP electrode on the hG-Al current collector still had
decent performances. For example, the LFP electrode on the b-
Al current collector almost completely failed to function at 4 C,
while the average specific discharge capacities of LFP
electrodes on hG-Al current collector at 20 C was still up to
43 mAh per gram, respectively. Furthermore, the complete
recovery of discharge capacities of both electrodes at low rate,

Figure 3. Interfacial properties of a hierarchical graphene engineered Al current collector. (a) The force−displacement curves of the mechanical
peeling-off tests of LFP electrodes on different current collectors. (b, c) Electric sheet resistance mappings of LFP electrode on b-Al (panel (b))
and hG-Al (panel (c)). The mass ratio of LFP:conductive additives:PVDF binders is 90:5:5. (d) The material resistance (Rmaterial) and interfacial
resistance (Rinterface) of LFP electrodes with varied content of conductive additives on different current collectors. (e) Ratio of interfacial resistance
(Rinterface) and material resistance (Rmaterial) of LFP electrodes with varied content of conductive additives (i.e., 2%, 5%, 10%) on different CCs.
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again following high rate tests, definitely proves that their
distinct performances at high rate are intrinsic to the electrode.
Electrochemical impedance spectroscopy (EIS) was widely

employed as a noninvasive method to get underlying insights.
However, it is rather delicate and even ambiguous to interpret
the EIS. For instance, the semicircles in the high-frequency
regime in the Nyquist plot of EIS could be interpreted as
charge transfer resistance at the electrode/electrolyte interface,
the resistance between CC and EM, or electrolyte resistance
within the electrode pores, etc.36,37 Our results showed that the
main EIS difference of the LFP electrode in the b-Al current
collector and the hG-Al current collector is the semicircles in
the high-frequency region (see Figures 4b and 4c). In light of
the electric interfacial resistances shown in Figure 3d, it is thus
reasonable to infer that the semicircle in the high-frequency
region correspond to the resistance between CC and EM. Our
results echo those of very recent results, which indicate that the
semicircles in the high-frequency regime of EIS should be
attributed to the interfacial resistance.37 An equivalent circuit
then was built to simulate the EIS curves (Figure 4d). The
intercept of the EIS curve on the real axis represents the ohmic
resistance (RΩ), and the slope lines at low frequency are
represented by the Warburg impedance (W1). In the high-
frequency region of semicircles, the electrode/current collector
interface impedance is composed of Re‑cc and CPE1, and the
charge transfer impedance is composed of Rct and CPE2, in
which the constant phase elements (CPE1 and CPE2) replace
the capacitive elements to take into account the geometric
factor of the interfaces. The fit results of EIS indicate that LFP
electrodes on b-Al and hG-Al have very similar Ohmic
resistance (RΩ) and charge-transfer resistance (Rct) values.
However, the resistance between electrodes and current

collectors (Re‑cc) are dramatically different. In detail, the Re‑cc
value of b-Al is ∼20-fold higher than that of hG-Al.
Finally, the electrochemical performances of the LFP

electrode on different CSs were further tested in full cell
configuration. Artificial graphite (see Figure S6 in the
Supporting Information) or lithium titanium oxide
(Li4Ti5O12, abbreviated as LTO; see Figure S7 in the
Supporting Information) were paired as anodes.
Even though fast charging looms more and more urgent for

rechargeable batteries,16 it is still a great challenge, particularly
for graphite, which is known for being plagued by sluggish
kinetics and potential dendrite formation on surface.38

Therefore, for the full cell tests using the artificial graphite
anode, the charge current density was maintained at 0.5 C (1 C
= 171 mA g−1), while the discharge rate was sequentially
tuned.
It can be seen that the LFP-graphite full cell using the b-Al

current collector showed a dramatic polarization increase and
fast capacity decay with the increase of discharge current
density (see Figure 5a). In comparison, the discharge

polarizations of the full cell using hG-Al current collector
was significantly inhibited (Figure 5b). Similar to half-cell EIS
results, full cell with hG-Al current collector has a much
smaller semicircle in the high-frequency region, i.e., smaller
resistance between electrodes and current collectors (Figure S8
in the Supporting Information). As a result, the full cell using
the hG-Al current collector delivered a much-improved
discharge performance, particularly at higher current density
(Figure 5c). Finally, the energy density and power density of
LFP electrodes on different current collectors were calculated
(see Figure 5d and Table S1 in the Supporting Information).
The LFP electrode on the hG-Al current collector could
deliver a power density output of ∼5300 W kg−1 at an energy
density of ∼220 W h kg−1, whereas the LFP electrode on the b-
Al current collector could deliver only ∼3700 W kg−1 at ∼21
W h kg−1. Full-cell tests using LTO anodes also corroborated

Figure 4. Half-cell electrochemical performance of LFP electrode on
different current collectors: (a) rate performance of LFP electrode on
bare Al and hG-Al foil current collectors; (b, c) electrochemical
impedance spectroscopies of the LFP electrode on bare Al and hG-Al
foil current collectors, respectively; and (d) the equivalent circuit used
for the analyses of electrochemical impedance spectroscopies and the
extrapolated fit results. During the half-cell test, the rate performance
was tested with an equal charge and discharge current density.

Figure 5. Full-cell electrochemical performance of the LFP electrode
on different current collectors paired with an artificial graphite anode:
(a, b) the discharge curves of LFP electrode on bare Al and hG-Al foil
current collectors in full cell test, respectively; (c) the specific
discharge capacity of the LFP electrode on different CC; and (d) the
Ragone plot of LFP electrode on different CC.
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that the LFP using the hG-Al current collector delivered better
electrochemical performance at high current density, much
better energy density and power density output, and smaller
resistance between electrodes and current collectors in EIS
tests (see Figure S9 and Table S2 in the Supporting
Information).
We note that the differences of electrochemical perform-

ances of electrodes on different CCs were not as dramatic as
those of their electric resistance. This noncommensuration is
presumably ascribed to the fact that LIBs require the synergy
of both the electron and the Li ion.15

By growing hierarchical graphene directly on commercial Al
CCs, we build up a model system to study the interfacial
properties of CCs quantitatively. Our systematic studies
highlight the nontrivial role of interfacial properties of the
CC at the mesoscopic electrode level. Remarkably, our results
show that the interfacial resistance between CC and EM, in
truth, dominates the entire electrode resistance. Hierarchical
graphene directly grown on the Al current collector, which can
serve as a powerful interlayer between the CC and EM, could,
in fact, eliminate the awesome interfacial resistance. Electro-
chemically, it delivers a promoted energy density−power
density output accordingly. A similar philosophy could be
extended to other electrochemical energy storage devices (e.g.,
the emerging all solid LIBs,39 supercapacitors,24,40 and other
monovalent or multivalent batteries41). Moreover, for the
emerging ultrathick electrode design, whereby the footprints of
passive CC can be reduced to enhance the available energy
density of the packaged LIB,35,42 it can be reasoned that
eliminating the interfacial resistance between current collector
and electrode materials therein would be of more significance.
However, great cautions should be taken when graphene or
one of its relatives is used to enhance the interfacial properties
of the widely utilized anode Cu current collector, considering
that graphene might consume lots of Li+ irreversibly, which
means the degradation of the highly valued initial Coulombic
efficiency.
Reminiscent of our previous work confirming its enhanced

anticorrosion properties at the graphene-engineered Al current
collector/electrolyte interface,25 the graphene skin layer
enables commercial Al foil to have almost ideal interfaces
with both electrolyte and electrode materials when used as a
cathode current collector in LIBs. Moreover, a prototypical
mass production method of hierarchical graphene synthesis on
metal foil was shown, demonstrating its technical scalability.
Honestly, the present bottleneck for its commercialization lies
in the low synthesis efficiency and high cost, despite the
synthesis being performed at relatively low temperature.
Provided the cost-benefit tradeoff could be validated in the
future, our work might hopefully foster a niche graphene
market.
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