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BATTERIES

Artificial solid electrolyte interphase for aqueous
lithium energy storage systems

Jian Zhi,* Alireza Zehtab Yazdi,* Gayathri Valappil, Jessica Haime, Pu Chen®

Aqueous lithium energy storage systems address environmental sustainability and safety issues. However, sig-
nificant capacity fading after repeated cycles of charge-discharge and during float charge limit their practical
application compared to their nonaqueous counterparts. We introduce an artificial solid electrolyte interphase
(SEI) to the aqueous systems and report the use of graphene films as an artificial SEI (G-SEI) that substantially
enhance the overall performance of an aqueous lithium battery and a supercapacitor. The thickness (1 to 50 nm) and
the surface area (1 cm? to 1 m?) of the G-SEI are precisely controlled on the LiMn,O4-based cathode using the
Langmuir trough-based techniques. The aqueous battery with a 10-nm-thick G-SEI exhibits a discharge capacity
as high as 104 mA-hour g™' after 600 cycles and a float charge current density as low as 1.03 mA g™' after
1 day, 26% higher (74 mA-hour g~') and 54% lower (1.88 mA g~') than the battery without the G-SEI, respectively.
We propose that the G-SEI on the cathode surface simultaneously suppress the structural distortion of the LiMn,0,
(the Jahn-Teller distortion) and the oxidation of conductive carbon through controlled diffusion of Li* and restricted
permeation of gases (O, and CO,), respectively. The G-SEI on both small (~1 cm? in 1.15 mA-hour cell) and large
(~9 cm? in 7 mA-hour cell) cathodes exhibit similar property enhancement, demonstrating excellent potential
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for scale-up and manufacturing.

INTRODUCTION

The global demand for safe and environmentally sustainable electro-
chemical energy storage has vastly increased in the recent years. Aqueous
lithium-ion energy storage systems (ALESS), such as aqueous Li-ion bat-
teries and supercapacitors, are designed to address safety and sustain-
ability concerns (I, 2). However, significant capacity fading after
repeated cycles of charge-discharge or during float charge has been one
of the main problems that have made the ALESS less competitive than
their nonaqueous counterparts (3, 4). Although the capacity of lithium
manganese oxide (LiMn,0,) (LMO) is related to the bulk material prop-
erties, a complex surface chemistry is also important in determining the
electrochemical performance of the electrode material (5). More specifi-
cally, structural instability of Li transition metal oxides (for example,
LiNiO,, LiMn,Qy, and LiMnPQO,) and electrochemical oxidation of
conductive carbon in the cathode are two main causes for the capacity
fading of the ALESS (6-8).

The diffusion rate of Li* inside the aqueous electrolytes is much
higher than that of the bulk of cathode materials during the discharge
process (6). As a result, the Li* accumulate on the surface of the Li
transition metal oxides, and a partial crystalline structural transfor-
mation of these particles may occur, which ultimately leads to the so-
called Jahn-Teller distortion (9). This structural distortion undoubtedly
affects the three-dimensional (3D) Li" diffusion pathways, which se-
verely reduces the capacity retention after repeated cycles of charge-
discharge (10, 11). In addition, the electrochemical oxidation followed
by the consumption of the carbon-based conductive particles is re-
sponsible for the irreversible capacity loss of the ALESS. This process
is induced by contacting water at low potentials and/or by oxygen
evolved from the water oxidation at high potentials (12, 13). The final
products of these reactions are oxidized carbon and O,, CO, and CO,
gases that not only affect the physical contact between the electrolyte
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and the cathode but also decrease the electrical conductivity (electron
mobility) across the cathode/electrolyte interface (14). All these factors
may block Li" diffusions (15), which limits the capacity of LMO under
high C rates. There have been several approaches previously proposed
to solve these issues in the cathodes. They are mainly based on doping
the individual Li metal oxide particles with foreign atoms (Ni, Co, etc.),
modification of the structure of conductive carbon, and the addition of
organic/inorganic compounds into the cathode and/or electrolyte for-
mulations (16-22). In particular, Langmuir-Blodgett (L-B) processes
have recently been adapted to fabricate multilayered structures of nano-
materials on the separator of the lithium-sulfur systems for regulating
mass and charge transport (23, 24). However, these approaches are often
not precisely controlled at the nanoscale level and involve complicated
chemistry and high-temperature processes (>800°C) with added po-
larization effects and limited scale-up potentials. Incorporation of a
well-defined and stable interphase into the spacing between the cath-
ode and the aqueous electrolyte without affecting the bulk of the cath-
ode could be a more efficient way to simultaneously maintain the
stability of the active materials and the conductive carbon (25).

Solid electrolyte interphase (SEI) in the nonaqueous Li storage
systems forms in situ from the reactions between the electrode sur-
face and the organic compounds in the electrolytes and can signif-
icantly alleviate irreversible side reactions (26). In general, the key
features of an ideal SEI are as follows: (i) compatibility with the electrode
surface, (ii) ionically conductive, (iii) impermeable to electrolyte molecules/
gases, (iv) mechanically and chemically stable, and (v) thin and compact
(27-29). These features could contribute to the suppression of structural
distortion of the Li transition metal oxides and the electrochemical ox-
idation of the conductive carbon particles in the cathodes of the ALESS.
However, the SEI cannot be formed spontaneously in the ALESS with
aqueous electrolytes due to multiple reasons. Unlike the SEI in the non-
aqueous systems, there are usually no polymerizable components in
the aqueous electrolytes to integrate the possible SEI on the electrode
surface. The inorganic hydroxides and oxides at the electrode/electrolyte
interface would also not have sufficient ionic conductivity and act more
like a passivation layer. To the authors’ knowledge, there has been no
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report on the formation of the in situ and/or ex situ SEI in the ALESS.
Graphene films, made of 2D sp” carbon nanosheets, would have the
unique features to function as an ideal SEI on the cathode surface in
the ALESS. Some of these features include excellent electrical conduc-
tivity and electrochemical stability with controlled permeation of Li*
and restricted permeation of the large cations (>4.5 A) and gas mole-
cules (22, 23).

Here, single- to multilayer graphene films as an artificial SEI (G-SEI)
are fabricated and transferred onto the surface of the LMO-based cath-
ode of a rechargeable hybrid aqueous lithium battery (ReHAB) (30-33)
and a supercapacitor. In our scalable Langmuir trough-based tech-
niques, under ambient conditions, the thickness (1 to 50 nm) and the sur-
face area (1 cm? to 1 m?) of the G-SEI can be fully controlled to obtain
the most optimal electrochemical performance. The G-SEI with a thick-
ness of 10 nm can contribute a reversible capacity of 35 mA-hour g,
and the ReHAB maintains more than 87 and 88% of the initial capacity
after 600 cycles of charge-discharge and during 1-day float charge, re-
spectively. The ReHAB with the G-SEI on the cathode also shows only
1.1 mV hour™" open-circuit voltage (OCV) decay rate after 72 hours of
self-discharge compared to 3.2 mV hour ™" for the cathode without the
G-SEL The ReHAB also offers an excellent rate capability that is supe-
rior to most of the reported aqueous Li-ion batteries. We hypothesize
that the G-SEI could simultaneously suppress the Jahn-Teller distortion
and water-induced electrochemical oxidation of conductive carbon on
the cathode/electrolyte interface through a controlled diffusion of Li*
and restricted permeation of gases (O, and CO,), respectively. Extensive
microscopy and ex situ and in situ spectroscopy characterizations are
used to understand the key functions of the G-SEI.

RESULTS

Fabrication and transfer of the G-SEI onto the cathode

The G-SEI in this study were fabricated from graphene oxide (GO)
followed by in situ reduction on the cathode surface. GO was produced
via an improved synthesis method (27, 34) with slight modifications in
the procedure to obtain nanosheets with lower defects and larger lateral
sizes for better stability and coverage on the cathode surface (Materials
and Methods). Figure S1 shows the basic structural evaluations of the
GO using spectroscopy and microscopy techniques. There is a very
sharp (001) x-ray diffraction (XRD) peak at 9.1° corresponding to a d
spacing of 9.7 A in the GO that indicates a successful exfoliation of a
graphitic (002) structure at 26.2° with a d spacing of 3.4 A (fig. SIA).
However, reduced GO (RGO) by hydrazine monohydrate shows a
broader diffraction peak at 22.5° most likely due to the restacking of
the exfoliated layers after reduction. Raman spectra in fig. S1B show a
slight blueshifting of the G band (1580 to 1595 cm ™) and a significant
contribution of the D band (Ip/Ig = 0.92) in GO compared to the graphite
precursor (Ip/Ig = 0.34), mainly due to the incorporation of oxygen
functionalities into the graphene network. In agreement with previous
reports (35, 36), a higher contribution of the D band (Ip/Ig = 0.99) was
detected in the RGO (fig. S1B) due to an increase in the number of
aromatic domains responsible for the D band, but not necessarily their
overall size, which is responsible for the G band. The high-resolution
transmission electron microscopy (HRTEM) of a single GO layer with
some wrinkles is shown in fig. S1C.

The GO films, made of millions of embedded GO nanosheets, were
fabricated and transferred onto the cathode surface via the Langmuir
trough-based techniques: L-B isotherm and dipping methods and the
Langmuir-Schaefer (L-S) method (Materials and Methods). There are
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many variables that determine the quality of the GO films on the cath-
ode before the in situ reduction. The key variables that were investigated
in this study are surface pressure (mN m™"), coating angle, coating
method, concentration of GO, and the films’ thickness. Figure 1A shows
a typical surface pressure (mN m™Y) change versus GO film area (cm?)
upon compression in the L-B isotherm technique (Fig. 1A, inset).
Considering GO as an amphiphilic nanoparticle (hydrophobic in the
basal plane and hydrophilic on the edges) (37), three different regions
can be distinguished in the surface pressure curve. The GO nanosheets
are initially by far isolated similar to the gas molecules (phase I), and
then they start meeting each other upon compression to form a
compact film (phase II). Further compression of the film causes a col-
lapse in the 2D GO film and its conversion into a 3D structure, where no
significant changes in the surface pressure were observed (phase III).
The atomic force microscopy (AFM) of a single-layer GO film
(Fig. 1B) on highly ordered pyrolytic graphite (HOPG) substrate shows
wrinkles inside the nanosheets across the film with an average lateral
size of 10 pm. These wrinkles become more and more highlighted by
increasing the number of GO layers to 5 and 10 layers, as shown in
Fig. 1 (Cand D, respectively). The selected-area electron diffraction (SAED)
of hexagonal graphene structure is shown in Fig. 1A as inset. The AFM
observations of the GO films on the cathodes confirmed that the best
film coverage was obtained at surface pressures of 12 to 13 mN m ™/,
very close to the end of phase II (Fig. 1A), and right before the GO film
collapses entering phase III. To find out the optimal electrochemical
performance, GO films with four different thicknesses were fabricated
and deposited onto the cathode surface: 1-layer (~1 nm), 5-layer (~5 nm),
10-layer (~10 nm), and 50-layer (~50 nm). The AFM and scanning elec-
tron microscopy (SEM) images from the surfaces of the Blank cathode
with no GO film and 5-layer and 10-layer GO films are shown in Fig.
1 (E to G and H to J, respectively). Note that the 50-layer GO film is
very similar to the 10-layer film. Obviously, by increasing the thick-
ness of GO films (the number of layers), the cathode features (for
example, LMO crystals and graphite particles in Fig. 1, E and H) un-
derneath the films become less evident, and the wrinkles from the
embedded GO nanosheets become more apparent (Fig. 1, F, G, I,
and J). We noted that the AFM and SEM imaging techniques were
not useful to detect the 1-layer GO film on the cathodes due to the
roughness of the surfaces. One major advantage of the Langmuir
trough-based techniques is that it can be applied onto any water-
compatible electrode surface, where only a small amount of GO
needs to be used. For example, only 2.5 mg of 1-nm-thick GO is required
to cover a cathode with 1-m” surface area. An in situ chemical reduction
method using hydrazine monohydrate was used to convert the GO films
sitting on the cathodes to the RGO films (Materials and Methods). Note
that no obvious structural changes of the cathode materials (LMO and
graphite) were observed after treating the Blank cathode with hydrazine
(fig. S2). Contact angle measurements of the hydrazine aqueous solution
on the 10GO cathode were conducted and compared with the Blank
cathode (fig. S3). It is evident that the 10GO-coated cathode has a smaller
contact angle (95°), mainly due to the oxygen functionalities, than the
Blank cathode (145°). The adhesion force between the final RGO film
(G-SEJ) and the cathode surface is mainly through van der Waals (z-1t)
interactions. These RGO films preserved their morphological features
after the reduction process and will function as the G-SEI onto the cath-
ode surface (fig. $4). According to a previous review (38), the chemical
reduction by hydrazine solution may only partially reduce the GO
nanomaterials in comparison with the high-temperature annealing
(>1000°C) at inert atmospheres (Ar and N,). Although the reported
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conductivities for the high-temperature treatment are one to two
orders of magnitude higher than the hydrazine treatment, the reduc-
tion method cannot be used in our study due to degradation of the
polymeric binder [for example, polyvinylidene difluoride (PVDF)]
and the LMO particles at high temperatures. Other in situ reduction
(chemical and nonchemical) processes can be further explored as a
future work for this research. In addition, the in-plane (x-y direction)
electrical conductivity of the G-SEI is reported to be much higher than
the through-plane (z direction) conductivity (39). Despite the fact that
the GO film on the cathode can be well wet by the hydrazine solution
(fig. S3, contact angle of 95°), the upmost G-SEI surface and the edges
and some voids between the cathode and the G-SEI might have been
mainly reduced. To improve the homogeneity of the film at high thick-
nesses (Fig. 1]), the deposition process can be divided into multiple
steps, that is, layer-by-layer deposition, instead of one-time deposition

(the current method in this work). For example, deposition of the
10RGO film can be divided into 10 individual steps of 1RGO deposi-
tion, which would have limited scale-up potentials. Figure S4 shows a
more homogeneous film after 10 times layer-by-layer deposition of
1RGO than the one-step deposition of 10RGO (Fig. 1]).

Battery, supercapacitor, and electrochemical testing

The cathodes with the RGO films were assembled in the ReHAB system
and tested (see Materials and Methods). Cyclic voltammetry (CV) pro-
files of the batteries without the G-SEI and with 1-layer, 5-layer, 10-layer,
and 50-layer G-SEI cathodes (denoted as Blank, IRGO, 5RGO, 10RGO,
and 50RGO, respectively) at a scan rate of 1 mV s~ are shown in Fig, 2A.
The mass loading of LMO was fixed at 7.8 + 0.61 mg cm 2. There are two
redox couples located at 1.82/1.78 V and 1.96/1.92 V versus Zn**/Zn,
corresponding to the two stages of extraction and insertion of Li*
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Fig. 1. Characterizations of G-SEI. (A) Surface pressure versus trough area in the L-B method showing three different phases. Inset: SAED and schematics of an isotherm
method and packed nanosheets in a GO film. (B to D) AFM images of 1-layer, 5-layer, and 10-layer GO films, respectively, on an HOPG substrate. AFM (E to G) and SEM (H to J)
images of the Blank cathode and 5-layer and 10-layer GO films on the cathodes, respectively. Inset on the right side of (H) is the HRTEM of one LMO crystal. Arrows in (I) show

the wrinkles of a GO film.
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from/into the host spinel structure of LMO in the aqueous electrolyte,
respectively. These redox couples are LiMn,O,>Lig sMn,O, + 0.5Li" +
0.5¢” and LipsMn,0,Mn,04 + 0.5Li" + 0.5¢7, respectively (30). The
symmetrical peaks in 1.76 to 1.90 V reveal that the Li" extraction/
insertion processes in all the cathodes are highly reversible. The G-SEI
did not have any effect on the peak shape and the redox potentials, in-
dicating that the charge-discharge process of the coated cathode has not
been affected, which is analogous to the in situ formed SEI in organic
electrolytes (15). The rate performances are shown in Fig. 2B, where
10RGO shows the best rate capability. To find out the effect of the chem-
ical reduction, the rate capability results for the 10GO cathode are also
shown in fig. S5, where worse discharge capacities at different C rates
than the Blank cathode were obtained. A comparison of fig. S5 with
Fig. 2B indicates that even in-plane (x-y direction) partial reduction of
GO to RGO on the cathode surface provides sufficient conductive path-
ways for electron transport. When the rate increased to 10 C, a discharge

capacity of 74 mA-hour g was still maintained, 32% higher than the
Blank cathode. A capacity of 114.53 mA-hour g was still recoverable
and sustainable up to 30 cycles without obvious loss when the current
density returns to 1 C. Galvanostatic charge-discharge measurement was
also carried out at a voltage range of 1.4 to 2.1 V at different C rates and
shown in Fig. 2C. Consistent with the CV (Fig. 2A), the results show two
plateaus in discharge curves, which are related to the two-stage Li"
extraction/insertion behavior.

For aqueous lithium batteries, high float charge capacity/current is
one of the main drawbacks, which may decrease the cycle life under
practical conditions. Thus, minimization of the float charge current is
highly desirable yet quite challenging in designing highly stable aqueous
batteries. The float charge current of the batteries was measured by
maintaining the charged cells at 2.1 V for 1 day. The observed current
drop and capacity loss are shown in Fig. 2D. The float charge capacity
loss, the ratio of float charge capacity to the discharge capacity, was only
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Fig. 2. The ReHABs performance with the G-SEI (1RGO, 5RGO, 10RGO, and 50RGO) and without the G-SEI (Blank). (A) CV profiles at a scan rate of 1 mV s,
(B) Charge-discharge capacities as a function of cycle number at different C rates. (C) Charge-discharge curves of the ReHAB with the 10RGO cathode at different C rates.
(D) Capacity loss (measured capacity after 1-day float charge versus initial capacity) and the corresponding float charge current density. (E) Voltage drop plateau in 72 hours of
OCV tests. (F) Cyclic performance under a current density of 1 C at room temperature (25°C). (G) Corresponding charge-discharge curves at different cycles. (H) Cyclic
performance of the ReHAB with the T0RGO cathode under a current density of 4 C at 60°C. (I) Corresponding charge-discharge curves.
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11.1% for the 10RGO cathode, much smaller than the Blank one
(25.3%). Moreover, the float charge current density for the I0RGO cath-
ode was as low as 1.03 mA g™, 54% less than that with the Blank cath-
ode (1.88 mA g_l). Further increases in the thickness of the G-SEI to
50-layer slightly increased the float charge capacity loss and the float
charge current density. When the G-SEI are very thick (50RGO), they
will behave like stacked graphite particles due to the strong n-n inter-
action between the layers, and unwanted polarization effects will oc-
cur, leading to higher float charge capacity loss (38, 40). The severe
self-discharge is another major drawback of aqueous lithium batteries
(41, 42). Here, the OCV of ReHABs was monitored to find out whether
the G-SEI can suppress the self-discharge effect. It was observed that the
OCYV with the Blank cathode decays markedly in 72 hours (Fig. 2E) with
a rate of 2.8 mV hour . This process was greatly inhibited by incorpo-
ration of the G-SEI, where the OCV remained at 1.97 V after 72 hours
with a decay rate of only 1.1 mV hour™", almost one-third of the Blank
cathode. This result is much better than previously reported aqueous
lithium batteries and lead acid systems (43, 44). Therefore, the G-SEI
layer provides a great potential for practical applications, where the
capacity and potential stability during float charge and self-discharge
are major challenges (45).

The cyclic stability at 1 C for the ReHABs with the 10RGO and Blank
cathodes is compared in Fig. 2F. After 600 cycles at room temperature, a
discharge capacity of about 104 mA-hour g™' (87% of initial capacity)
was retained for the cell with the 10RGO cathode, whereas the cell with
the Blank cathode had only 74 mA-hour g'. Figure 2G shows the
corresponding charge-discharge curves of the I0RGO cathode after dif-
ferent cycles. The discharge plateaus around 1.9 and 1.7 V agree well
with the CV results. After 600 cycles, the plateau maintained its original
shape, suggesting a superior stability of both the anode and the cathode
in the cell. The cyclic performance at 1 C at 60°C was also tested
(Fig. 2H). Whereas the Blank cathode showed a very low specific discharge
capacity of 57 mA-hour g at the first cycle leading to almost zero at the
100th cycle, the 10RGO cathode retained 73% after 100 cycles with a
capacity of 61 mA-hour g~'. No obvious changes of plateaus can be seen
from the corresponding charge-discharge curves (Fig. 2I), indicating
good reversibility of the 10RGO cathode. Table 1 shows a comparison
of the cycling stability of the 10RGO cathode in this study with the
previous literature data for the LMO-based aqueous lithium batteries
(19, 32, 46-56). Safety evaluation of batteries was determined from the
solvent used in the electrolyte, as described in a previous literature
(57). Under a relatively low C rate (0.2 C; fig. S6), the first charge ca-
pacity is higher than the discharge capacity, which is caused by the
consumption of Li" by surface reactions when they are extracted from
the spinel LMO during the first charge (58). Previous reports also
showed the same behavior as fig. S6, and it seems typical for LMO-based
electrode materials (59-61). When the C rate was increased from 0.2 C
(fig. S6) to 1 C (Fig. 2, C and G), a more symmetrical voltage profile
could be obtained. This observation implies that the irreversible process
only occurs under low extraction/insertion rate (0.2 C) in the batteries.

To explore the versatility of the technique, we also used the dip-
coating method to deposit GO films on the cathode. After reduction
by hydrazine, the obtained 10RGO cathode also showed only 12.6% ca-
pacity loss after 1-day float charge (fig. S7), which is close to the cathode
prepared by the isotherm technique. For comparison, the cathodes were
also directly coated with pre-RGO using the same isotherm and dipping
methods. There was no obvious improvement in the float charge effect
for all the samples (fig. S8). The curling and agglomeration of RGO par-
ticles before coating resulted in the formation of a discontinuous layer
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on the cathode; thus, the ideal features of the G-SEI would not be ob-
tained (27). The individual LMO particles were also coated with GO
using the same L-B trough method and in situ reduced by hydrazine
monohydrate. The rate capability was tested, and the results are shown
in fig. 9. It is evident that coating the individual LMO particles with
RGO is not as effective as the G-SEI on the entire cathode surface (com-
pare fig. S9 with Fig. 2B). Ex situ thermally reduced GO powder at
900°C in Ar was used to form a higher conductive artificial SEI on the
cathode’s surface using the same L-B trough method. The float charge
and the rate capability of the thermally reduced 10RGO cathode are
shown in fig. S10 and are compared with the Blank cathode. Evidently,
minimal improvements in both float charge capacity (fig. SI0A) and
rate capability (fig. S10B) were obtained for the ex situ thermally re-
duced 10RGO compared with the in situ chemically reduced 10RGO
(Fig. 2, B and D). Similar to the ex situ chemically reduced 10RGO
by hydrazine (fig. S8), ex situ thermal reduction of GO most likely leads
to curling and agglomeration of RGO particles on the cathode’s surface
during the coating process. Therefore, a discontinuous coating on the
cathode surface will be formed, and the ideal features of the G-SEI can-
not be fully used. From these results, one can conclude that the uniform
G-SEI with stable morphological preservation and sufficient electrical
conductivity from in situ chemical reduction (Fig. 2, B and D) are much
more effective than the nonuniform G-SEI from ex situ chemical/
thermal reduction with higher electrical conductivity (figs. S8 and S10).

It is well known that the cathodes with large mass loading of active
materials (>15 mg cm™2) are more favorable for scale-up purposes (62).
The L-S method was used to fabricate the G-SEI (RGO films) on the
larger-area (9 cm” in 7 mA-hour cell) cathodes for potential applications
in large-scale power sources such as UPS (uninterruptible power sys-
tem), as shown in fig. S11. We have also adopted a water vapor reduc-
tion method that is a fully scalable and industrially safe approach for in
situ reduction of the GO on these large-area cathodes to RGO. The
corresponding float charge was measured for the 10RGO and Blank
cathodes via the same way as conventional cathodes (fig. S12). It is
evident that the I0RGO large-area cathode also showed the lowest float
charge capacity loss (13.2%), 35% improvement compared to the Blank
cathode (19.7%). These results showed the great scalability potentials of
the Langmuir trough for artificial fabrication of the G-SEL. LMO-based
supercapacitor is another important ALESS, where capacity fading after
repeated cycles of charge-discharge remains an issue (63-65). Here,
we have incorporated the G-SEI into the cathode of a Li-ion hybrid
supercapacitor and assembled an asymmetrical supercapacitor according
to a previous literature (63). Figure S13 shows a whole charge-discharge
process of the supercapacitor (10RGO) at current densities from 1 to
16 A g . The charge-discharge process of the supercapacitor exhibits
obvious voltage plateau, indicating the process of Li* deintercalation/
intercalation in LMO (63). The cycling stability of the supercapacitor
with the G-SEI (10RGO) compared with the Blank cathode at 4 A g_1 is
shown in fig. S14. The capacity retention of the 10RGO supercapacitor
is 83% after 1000 cycles, 11% higher than that in the Blank cathode. This
improvement in capacity stability is encouraging for further exploration
of the G-SEI in other aqueous supercapacitor systems.

The electrochemical impedance spectroscopy (EIS) was used to
find out the impedance of the RGO cathodes during cycling. Figure 3
(A and B) reveals the relationship between the impedance change dur-
ing the cycling stability test for the Blank and 10RGO cathodes. The
Nyquist plots consist of a depressed semicircle in the high-frequency
region and a straight line in the low-frequency region. The semicircle
at high-to-medium frequencies was assigned to the charge transfer
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Table 1. A comparison of the cycling stability of various LMO-based rechargeable lithium battery systems. CNT, carbon nanotubes; EC, ethylene car-
bonate; DMC, dimethyl carbonate; EMC, ethyl-methyl carbonate; Ppy, polypyrrole.

Cathode Anode Electrolyte Capacity retention Cycles Safety Reference
LiMn,0, VO, Saturated LiNOs (aqueous) 83% 42 Good (19)
L,ano4 ................................................................... T,pzo75ML,No3(aqueous) ............................... 8 5% ....................... 10 ........ GOOd ........... (46) ......

L,Mn204levzos/ppy5M|_,NO3(aqueous) ............................... 8 2% ....................... 60 ........ GOOd ........... (47) ......

LanZOdCNThybndsznfo” AAAAAAAAAAAAAA 2 ML|2504+1M2n504(aque0u5) AAAAAAAAAAAAAAAAAAAA 6 8% AAAAAAAAAAAAAAAAAAAAAA 300 AAAAAAA GOOd AAAAAAAAAAA (32) AAAAAA

L,ano4 ................................................................. |_ ,le(p 04)3 .................... 1M|_,2504 (aq ueous) .............................. 3 2% ...................... 200 ....... GOOd ........... (48 ) ......

|_, M n204 .................................................................... |_ , V308 ....................... 2 . M |_,2504 (aq ueous) .............................. 5 3% ...................... 100 ....... GOOd ........... (49) ......

|_, M nzo 4 ..................................................................... V 205 ..................... Saturamd |_ , NO3 (aq ueo US) .......................... 8 9% ...................... 100 ....... GOOd ........... (50) ......

L|Mn204/CNThybndS ................................................ L|fo||]ML|pF6(EC/DMC/EMC) ........................... 9 2% ....................... 50 ......... P Oor ........... (51) ......

L,ano4Na2V6016014H20 .......... 5 aturatedleso4(aqueous) .......................... 7 7% ...................... 200 ....... GOOd ........... (52) ......

porousummo"wheresMeta”,cmh,um .................. 1 ML|pF6(Ec/DMc) ............................... 7 3% ..................... 1000 ....... P Oor ........... (53) ......

A||:3coated|_,MnZOano,| ................................. 1M|_|2504 ...................................... 9 0% ...................... 100 ....... GOOd ........... (54) ......

L|Mn204znfo|| ............................. Th|xotrop|cge| ................................... 6 1% ..................... 1000 ...... GOOd ........... (55) ......

L|Mn204znfo|| .......................... P b2+contammgge| ................................ 7 5% ...................... 300 ....... GOOd ........... (56) ......

Lanzo4e|ectrode W|thRGof||m5asGSE|ano|| .............. 1ML|2504+2M2n504(aqueous) .................... 8 7% ...................... 600 ....... GOOd ...... -|- hlswork
73% (measured at 60°C) 100

resistance (R) inside the cathode, which reflects Li* diffusion into the
cathodes (66), whereas the real axis intercept is the equivalent series
resistance (R,). The evolution trends of R, in the Blank and 10RGO
cathodes were obtained for different cycles (Fig. 3C), and fitted by the
relevant equivalent circuit models (fig. S15). It is obvious that the values
of R of both cathodes all increase along with the cycle numbers but
show totally different trends. The initial values (at the 5th and 10th
cycles) of R in the 10RGO cathode are about 7% larger than those in
the Blank cathode. However, in the following cycles, the R, of the I0RGO
cathode maintains the same, whereas these values in the Blank cathode
increase significantly and exceed the R, of 10RGO at the 20th cycle. The
EIS measurements of the 10RGO and Blank cathodes were also con-
ducted over time without cycling. Because there were no electrochemical
charge-discharge processes to distort the LMO structure or to oxidize/
consume carbon, the R, did not have significant changes over time
(fig. S16). On the other hand, the R; of both the Blank and 10RGO cath-
odes increased either during repeated cycles of charge-discharge (fig.
S17) or over time with cycling (fig. S18). It is known that Ry is closely
related to the electronic resistance of the cathode and the ionic
resistance of the liquid electrolyte (67, 68). Because the electrolyte prop-
erties remained unchanged over time, the increase in R; may be due to
the dissolution of Mn from the LMO particles and formation of a MnO,
layer around the LMO inside the bulk cathode (69, 70). These control
experiments indicate that in aqueous lithium batteries, changes in R,
are highly related to the surface reactions during electrochemical
charge-discharge, whereas the increase in R; is a consequence of the in-
evitable degradation of LMO cathode materials.

Moreover, we have also fitted the Warburg element in the EIS
spectra of the 10RGO and Blank cathodes during repeated cycles to
quantify the diffusivity of Li" in the cathode (Dy;; Fig. 3D). Similar to
R, the 10RGO sample has smaller Dy; in the initial few cycles but shows
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much larger values than the Blank sample after 10 cycles. In the ALESS,
the Jahn-Teller distortion of Li transition metal oxides and the carbon
oxidation/consumption significantly affect the Li* diffusion in electrode/
electrolyte interfaces (71, 72). The results obtained here are also in agree-
ment with the calculated Dr; from the CV plots at different C rates. The
calculated Dy; (based on cathodic peaks; see the Supplementary
Materials for calculations) before the cycling test was 6.19 x 10~ and
7.32x 10~ cm® s~ for the 10RGO and Blank samples, respectively. After
300 cycles, the Dy; of I0RGO can still be maintained at 3.64 x 10 ecm?s™),
whereas the Dy; from the Blank cathode markedly decreased to 7.79 x
1071° cm? s7. The stabilized R, and Dy; in 10RGO indicate the well-
retained Li" diffusion paths across the electrode/electrolyte interface
during cycling, which is the main cause for the improved rate capability.
In the following sections, detailed mechanisms of the effect of the RGO
film, as the G-SEI, on these two unwanted phenomena are provided.

DISCUSSION

The G-SEI to suppress the oxidation/consumption of carbon
It is well known that the carbon-based conductive particles in the cath-
odes of the ALESS participate in the electrochemical reactions with wa-
ter and oxygen during repeated cycles of charge-discharge. These
particles will then be converted into oxidized carbon and, ultimately,
CO, gases that significantly affect the battery performance. The mor-
phology, concentration of carbon, and oxidation state of the graphitic
carbon particles on the surface and inside the bulk of the cathodes after
the cycling stability test (300 cycles of charge-discharge) were evaluated
using SEM, Raman, and x-ray photoelectron spectroscopy (XPS) tech-
niques (Fig. 4). SEM images of the Blank and 10RGO cathodes after the
cycling stability test are shown in Fig. 4 (A and B, respectively). A sig-
nificant change in the surface morphologies was observed in the Blank
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Fig. 3. Impedance and Li* diffusivity characterizations of 10RGO and Blank cathodes. Nyquist plots of the (A) T0RGO and (B) Blank cathodes in different cycling
stages. (C and D) R and Li* diffusivity of the 10RGO and Blank cathodes as a function of cycle number, respectively.

cathode after the cycling stability test with only 58 atomic % (at %) car-
bon left, detected by energy-dispersive x-ray spectroscopy (EDX)
(Fig. 4A). In addition, the surface is fully covered by the side products from
the electrochemical reactions, such as graphite oxide and distorted
LMO particles (compare Fig. 1H before the test with Fig. 4A after the
test). However, the G-SEI with slight changes in morphology (compare
Fig. 1] with Fig. 4B) are still evident in the SEM image of the 10RGO
cathode, whereas 79 at % of carbon was retained in the cathode. Note
that the approximate weight of RGO in a cathode with an area of 1 cm®
is only 0.005 mg, which is fully negligible compared to the weight of
conductive graphite particles (0.45 mg). This indicates that the G-SEI
significantly suppressed the carbon consumption of the cathode after
the cycling stability test that leads to lower ohmic resistance (R;), as
shown in the EIS results (Fig. 3D). Figure 4C shows the Raman spectra
of the Blank and 1RGO and 10RGO cathodes before and after the
cycling stability test. The typical D and G bands of the graphitic struc-
ture were detected at 1325 and 1580 cm ™', respectively. A very low con-
tribution of D and G bands was detected in the Blank cathode after the
cycling test (Fig. 4C, Blank-After). These low graphitic properties are
most likely due to the heavily oxidation/consumption of graphite par-
ticles that participated in the electrochemical oxidations. The Ip/Ig in-
creases by increasing the thickness of the G-SEI (1RGO to 10RGO),
very likely due to the already created defects inside the RGO films from
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the chemical oxidation/exfoliation process (fig. S1). Note that the G-SEI
as a carbon allotrope itself might undergo the electrochemical oxidation
similar to the graphitic carbon inside the cathode. However, the 2D
unique gas and ion permeation properties of the G-SEI are the major
advantages that simultaneously suppress the Jahn-Teller distortion and
the carbon oxidation/consumption during the repeated cycles of
charge-discharge. Chemical modification of the sp” carbon in graphene
via incorporation of more stable metal adatoms may improve the
electrochemical stability of the G-SEI. In addition, the L-B trough tech-
nique in this study can be adapted in the future for other 2D nano-
materials (for example, WS, and MoS;) to artificially create an SEI in
both aqueous and nonaqueous lithium energy storage systems. High-
resolution XPS analyses were conducted to systemically study the
composition of carbon (Cls; Fig. 4, D and E) and oxygen (Ols;
Fig. 4, Fand G) species on the surface and in the bulk of the Blank cathodes
before and after the cycling stability test. The deconvolution of Cls
peaks, based on a Lorentz-Gaussian algorithm, indicated that the oxygen
functional species on the surface of the Blank cathode after cycling
appeared predominantly in the form of hydroxyl (C-OH; 286.2 eV)
and carboxyl (O=C-OH; 290.1 eV) groups (compare Fig. 4, D and E).
Note that all spectra were calibrated with a binding energy of 284.8 eV
for the C=C bond. The characteristic peaks of the PVDF binder in the
cathodes were also detected at 286.6 and 291.2 eV for the CH, and CF,
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groups, respectively. Note that the fluorine concentration was almost
constant (~34 at %) for all cathodes with/without the G-SEI before
and after the cycling test, indicating no change in the PVDF binder. Less
oxidation of carbon was detected in the bulk of the Blank cathode after
sputtering with Ar" for 60 s (compare Ols peaks in Fig. 4, Fand G). This
observation confirms that the electrochemical oxidation reactions
mostly occurred on the surface of the cathode in contact with the elec-
trolyte. The Cls peaks in the cathodes with the G-SEI are similar to the
Blank cathode before and after the cycling. However, the Ols peaks
showed that both the surface and the bulk similarly contributed to
the electrochemical reactions (fig. S19). That is, the G-SEI directed the
electrochemical reactions from the surface to the bulk of the cathode.
A gas permeation-based mechanism is proposed to explain the role
of the G-SEI in the suppression of carbon oxidation/consumption after
the cycling stability test. The typical electrochemical reactions among
graphite conductive particles in the cathodes of the ReHAB and water
(from aqueous electrolyte) at low potentials and oxygen (O, from water
oxidation) at high potentials are shown in Fig. 4H. It has been previously
reported that the permeation of gases (for example, CO, and O,)
through the graphene films, such as GO or RGO, can be significantly
decreased, up to two orders of magnitude, by increasing the thickness
of the film (23, 73). Here, we propose that the permeation of O, is
restricted to the bulk of the cathode. The O, is evolved on top of the

G-SEI at high potentials. As a result, less graphite particles will be
oxidized/consumed in the bulk through this reaction: C + xO,—CO,,
as confirmed by EDX and XPS. However, there is a possibility that O, is
also evolved in the small spacing between the G-SEI layer and the cath-
ode surface due to the diffusion of water molecules into the G-SEI,
which results in generating CO, inside the bulk of the cathode (Fig.
4H). In this case, the G-SEI restrict the permeation of the CO, from
the bulk to the outer surface of the cathode. That is, the CO, molecules
will be trapped inside the bulk of the cathode that might slow down the
kinetics of carbon oxidation by water at low potentials (Fig. 4H). In
these two scenarios, the G-SEI will decrease the overall gas generation
on the outer surface of the cathode in contact with the electrolyte due to
the restricted permeation of gases from the bulk (CO,) and from under-
neath the G-SEI (O,). It is noteworthy that in the aqueous electrolyte,
the decomposition of aqueous electrolytes may inevitably occur because
of the narrow electrochemical stability window of water (74). In addi-
tion, the delithiated spinel LMO also has the catalytic effect on water
electrolysis (75). As a result, the generation of gases is inevitable in
the aqueous electrolyte during long-term cycling, which causes a decrease
of Li-ion diffusion or Li-ion conduction in the electrolyte and ultimately
contributes to a tremendous impact on the reversible performance of
batteries (76). Figure S20 shows the coulombic efficiencies of the 10RGO
and Blank samples during 300 cycles at 4 C. Although the 10RGO sample
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Fig. 4. The morphology of cathode surface, concentration of carbon, and oxidation state of the graphitic carbon particles before and after the cycling stability test.
SEM images of the Blank (A) and 10RGO-coated (B) cathodes. (C) Raman spectra of the Blank and 1RGO and 10RGO cathodes after the cycling test. C1s (D and E) and O1s (F and
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and inside a RGO-coated cathode.
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shows relatively low coulombic efficiencies (around 96%) during
300 cycles at 4 C, the value is still higher than that of the Blank sample
(around 92%) and is consistent with the previously reported coulombic
efficiency for the LMO-based aqueous batteries (80 to 95%) (47, 77-79).
The lower gas generation (bubble formation) on the outer surface of the
G-SEI layer will maintain the effective contact area between the electro-
lyte and cathode during cycling, which increases the chance of transport
of Li* into the bulk of the cathode and leads to an improved coulombic
efficiency.

The G-SEI to suppress the Jahn-Teller distortion

The G-SEI on the cathode also suppressed the Jahn-Teller distortion,
which is responsible for capacity fading during repeated cycles of
charge-discharge of aqueous Li" batteries (16, 80) and supercapacitors
(81, 82). Figure 5A shows the XRD peaks of the cathodes without
(Blank) and with the G-SEI (1RGO, 5RGO, and 10RGO) before and
after 300 cycles. Previous studies showed that when the Jahn-Teller dis-
tortion happens, Li" are inserted into the empty 16¢ octahedral sites
of the spinel, thus decreasing the intensity ratio of (311) to (400) peaks
11y La00y] (83). It is evident that the I(311)/I400) for the cathodes with
the G-SEI remained almost constant before and after the cycle life test-
ing (0.9 to 1.1), indicating a greatly suppressed Jahn-Teller distortion.
It is well known that manganese ions in the LMO structure are evenly
distributed in two oxidation states, Mn>* and Mn** (9). When the
amount of Mn>" on the surface of LMO particles is more than Mn*,
the spinel LMO is apt to exhibit the Jahn-Teller structural distortion and
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a crystalline transition from cubic to tetragonal occurs. That is, the more
Mn>" are on the LMO surface, the more serious is the Jahn-teller dis-
tortion. Therefore, the oxidation state of manganese reflects the extent
of distortion in LMO. The characteristic Raman peaks of the LMO
(Fig. 5B) were detected for all cathodes at 586 and 625 cm! for Mn®* and
Mn*", respectively. Although a significant contribution of Mn>* is evi-
dent in the Blank cathode after 300 cycles (Fig. 5B, Blank-After), all the
cathodes with the G-SEI showed almost the same contributions of Mn**
and Mn*" before and after 300 cycles. This finding confirms that the
LMO particles in the Blank cathode after repeated cycles were fully
covered by a Mn**-rich region, indicating a serious Jahn-Teller distor-
tion. High-resolution Mn2ps,, XPS peaks are also shown in Fig. 5C. The
deconvoluted peaks of Mn2p;,, at 641.5 and 643.5 eV are associated
with Mn** and Mn**, respectively. In agreement with the Raman results
(Fig. 5B), the G-SEI layer maintained the equal contributions of Mn®*
and Mn*" in the LMO structure after the cycling test (56% versus 44%),
whereas the Blank cathode showed a significant increase in the Mn"
contribution (compare the peaks in Fig. 5C). The high-resolution
Lils XPS peaks also showed a more significant shift to lower binding
energies for the Blank cathode after repeated cycles than the RGO cath-
ode (Fig. 5D). This shift is attributed to the loss of manganese that
causes a change in the electronegativity of the LMO structure (18).
To further quantify the Jahn-Teller distortion in the Blank and
10RGO cathodes, in situ XRD patterns during discharge were recorded
(fig. S21). It is evident that the Blank cathode has two distinct peaks
during the discharge process from Liy ;;Mn,Oy to Lip3,Mn,0,. These
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500 550 600 650 700 750
Raman shift (cm~")

D |Li1s Blank-After
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Fig. 5. Characterization of LMO cathodes before and after the cycling stability test. XRD (A), Raman (B), XPS Mn2ps,, (C), and XPS Li1s (D) spectra for the Blank
cathode before and after the 300 charge-discharge test in comparison with the cathodes with the G-SEI (RGO cathodes).
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peaks indicated that there was a lattice transition from cubic to tetragonal,
and a larger crystalline mismatch in the Blank cathode than the 10RGO
cathode occurred. The changes in lattice parameters (Aa and Ac) and
volumes (Av) during discharge were also calculated from the in situ
XRD patterns by Rietveld analysis using the Expo2013 software and
are shown in Fig. 6 (A and B, respectively). Note that a cubic crystal is
identified with one lattice constant (a), whereas a tetragonal crystal is
identified with two constants (a and c). As a general trend, Aa, Ac, and
Av decreased by increasing the thickness of the G-SEI layer (Fig. 6, A
and B, from 1RGO to 5RGO to 10RGO). For example, the 10RGO cath-
ode showed a Aa of 0.153 A, a Acof 0.112 A, and a Av of 2.7 A%, which
correspond to 38, 61, and 73% decrease, respectively, in the lattices’ mis-
match compared to the Blank cathode. The suppression of lattice
changes from cubic to tetragonal will ultimately maintain the integrity
of the LMO particles during the discharge and charge processes. As a
result, the diffusion pathways of Li" will remain the same, and the Ry
(Fig. 3C) after 300 cycles does not significantly change, leading to greatly
improved battery and supercapacitor performances (Fig. 2 and fig. S9).

It is well established that the onset of the Jahn-Teller distortion of
LMO takes place when the Li* accumulate on the surface of the cathode.
It is speculated that under dynamic, nonequilibrium conditions during
discharging, LMO crystals at the surface of the cathode are more
lithiated than others in the bulk, thereby driving the composition of
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these LMO crystals” surface into a Mn**-rich region (Fig. 6C) and
inducing the Jahn-Teller distortion (84). Therefore, one may expect that
the nonequilibrium conditions could be avoided through a controlled
diffusion of Li* into the LMO particles. As a result, the accumulation of
the Li* and formation of Mn>*-rich regions around the LMO particles
(responsible for the Jahn-Teller distortion) on the cathode surface will
less likely happen. In addition, it has been previously reported that the
Li* can only diffuse perpendicularly into the graphene layers through
the structural defects and will move parallel to the layers where no de-
fects are found (85). Therefore, we propose a mechanism in which the
G-SEI on the cathode surface can control the diffusion of Li" and pre-
vent their accumulation on the LMO particles while enhancing the
electron mobility (Fig. 6C). During the discharge process of the RGO
cathodes, the Li" first diffuse into the G-SEI and then reach the cathode
surface by passing through the defects. Contact angle measurements of
the aqueous electrolyte on the surfaces of the I0RGO and Blank cath-
odes were conducted (fig. S22). The electrolyte was dispensed at a rate of
0.5uls™", and the pictures were taken every 500 ms. It is evident that the
10RGO cathode has a slightly smaller contact angle (122°) than the
Blank cathode (135°), most likely due to the oxygen functional residues
from the GO film. A previous report (38) also confirmed that the in situ
chemical treatment process using hydrazine monohydrate only partially
reduces GO to RGO. These oxygen functional residues on the cathode
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Fig. 6. Quantifying the Jahn-Teller distortion in the Blank and 10RGO cathodes. Lattice parameter (Aa and Ac) (A) and volume change (Av) (B) during discharge
process for the Blank and the RGO cathodes calculated from the in situ XRD patterns. (C) Schematics of the permeation-based mechanism for the Blank and RGO

cathodes representing the Li* diffusion and electron mobility.
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surface facilitate the diffusion of the electrolyte into the bulk of the cath-
ode. Because the density of defects is limited across the G-SEI (Fig. 6C),
the Li" have to diffuse more parallel to the film than perpendicular,
which will ultimately elongate their diffusion process. As a result, the
Li* accumulate more on/inside the G-SEI than the surface of the cath-
ode that will restrict the formation of Mn>*-rich regions, leading ulti-
mately to the suppressed Jahn-Teller distortion. Obviously, the
diffusion of Li" will be further restricted by increasing the thickness
of the G-SEJ; thus, more suppression of the Jahn-Teller distortion will
occur (Fig. 6, A and B).

On the other hand, the G-SEI may partially provide some capacity.
This capacity contribution was provided at the working potential of the
LMO active particles (between 1.2 and 4.2 V versus Li/Li") (86) but not
at the natural potential of graphite. To measure the pure capacity of the
G-SEI due to the intercalation of Li*, we prepared the cathodes with the
same formulation, but the LMO particles were substituted by the same
amount of the inactive silica particles (10 um in size). Figure S23 shows
the capacity values (uA-hour cm2) for the Blank and 10RGO silica
cathodes after 10 cycles of charge-discharge at a fixed current density
of 16 mA g in a potential window of 1.4 to 2.1 V versus Zn/Zn" (3.6 to
4.3 V versus Li/Li*). Whereas the capacity of the Blank silica cathode
approaches zero after only five cycles, the 10RGO silica cathode showed
a stable capacity of about 0.14 pA-hour cm ™. Considering the surface
area of the cathode (1.13 cm®), the density of graphene (2 g cm ™), and
the average thickness for I0RGO (20 nm with unavoidable wrinkling),
the corresponding capacity will be approximately 35 mA-hour g~ Note
that the mass loading of RGO is extremely small (a graphene few layers);
thus, the contributed capacity by RGO (0.14 pA-hour cm ™) to the total
capacity of the cathode is negligible. The structural defects in the RGO
film can provide abundant channels for Li* diffusion (87-89). There-
fore, the RGO film does not affect the electrochemical reactions between
LMO and Li". Figure S24 presents the discharge curve of the 10RGO/
silica cathode at a current density of 16 mA g'. On the basis of the
discharge plateau, the voltage for Li intercalation into RGO is around
1.85 V, which is similar to the Li" intercalation potential into LMO in
the aqueous electrolyte. That is, a simultaneous intercalation of Li" into
both RGO and LMO is quite possible.

CONCLUSIONS

In summary, the Langmuir trough-based techniques were success-
fully developed to fabricate and transfer single- and multilayer G-SEI
onto the surfaces of the cathodes of an aqueous lithium battery and a
supercapacitor. The aqueous lithium battery maintained more than
88% of the initial capacity after 1-day float charge and 95% of the OCV
after 72 hours of self-discharge. The G-SEI also offered an excellent rate
capability (74 mA-hour g " at 10 C, 64% of the 0.2-C capacity) and
cycling stability in both the aqueous battery (87% of initial capacity main-
tained after 600 cycles) and the supercapacitor (83% of initial capacity
maintained after 1000 cycles). The G-SEI on the large cathodes (9 cm?
in 7 mA-hour cell) demonstrated similar property improvement to the
small cathodes (1 cm?in 1.15 mA-hour cell), confirming excellent scale-up
potentials of the reported approach in the aqueous energy storage systems.
On the basis of the in situ and ex situ characterizations, we proposed
that the G-SEI layer simultaneously suppressed the accumulation of Li*
(leading to the Jahn-Teller distortion) and oxidation/consumption of
conductive carbon on the cathode/electrolyte interface through a con-
trolled diffusion of Li" and restricted permeation of gases (O, and CO,)
in/out of the cathode surface, respectively.
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MATERIALS AND METHODS

Chemicals and materials

Sulfuric acid (H,SO,4 95%), potassium permanganate (KMnOg; 99%),
hydrazine monohydrate (N,H,-H,O; 98%), diethyl ether (99%), hydro-
gen peroxide [H,0,; 30 weight % (wt %) in H,O], phosphoric acid
(H3PO4; 85%), hydrochloric acid (HCI; 38%), 1,2-dichloroethane
(anhydrous 99.8%), 1-methyl-2-pyrrolidinone (NMP; >99.5% purity),
Li,SO4 (=99% purity), ZnSO, (=99% purity), and ethanol (denatured,
reagent grade) were all purchased from Sigma- Aldrich. Crystalline graphite
powder and graphite foil were purchased from Alfa Aesar (325 mesh,
99%). PVDF (HSV 900) was purchased from Kynar. LMO and sphere-like
graphite powders (KS-6) were purchased from MTIL

Synthesis of GO and RGO

GO was synthesized on the basis of the improved synthesis method by
Zehtab Yazdi et al. (35) with slight modifications in the procedure to
obtain GO sheets with lower defects and larger flake sizes. In a typical
procedure, 3 g of graphite was stirred in 360 ml of concentrated H,SO,
for 1 hour. Then, 40 ml of H;PO, was added, and the mixture was
stirred for 15 min. KMnOj, (18 g) was then slowly added to the mixture
and stirred for another 1 hour at room temperature, followed by
12 hours at 50°C. To stop the oxidation, we cooled down the mixture to
room temperature and added 400 ml of cold distilled water containing
3 ml of H,O, (30%). The mixture was centrifuged at 4000 rpm for
4 hours, and the supernatant was removed. The remaining GO paste
was then purified with 200 ml of distilled water, 200 ml of 30% HCI,
and 200 ml of ethanol, where the mixture was centrifuged after each
stage at 4000 rpm for 4 hours and the supernatant was decanted away.
The purified GO paste after this extensive purification process was dried
at room temperature for 1 day under fume hood, and about 3 g of solid
was obtained. To synthesize RGO, we reduced the GO product from the
above procedure by either chemical treatment via hydrazine mono-
hydrate (10 volume %) or hydrothermal method. In the chemical reduc-
tion method, 1 g of GO powder was dispersed in 1 liter of distilled water
at room temperature for 4 hours to obtain a uniform and stable suspen-
sion. Hydrazine monohydrate (1 ml) was then added to the GO/water
suspension and heated to 95°C for 2 hours. Finally, RGO was collected
by vacuum filtration through a 5-um polytetrafluoroethylene (PTFE)
membrane. In the hydrothermal reduction treatment, a total of 25 ml
of the GO aqueous solution was transferred to a Teflon-lined autoclave
and heated at 180°C for 6 hours. The autoclave was then cooled to room
temperature, and the product RGO was also collected through the same
vacuum filtration procedure.

Coating procedure

To coat the graphene monolayers on the cathodes’ surfaces, we pre-
pared an organic suspension of the nanoparticles. Graphene nanopar-
ticles (GO or RGO) (1 mg) were fully dispersed in 3 ml of ethanol
with magnetic stirring at room temperature for 1 hour, followed by
15-min bath sonication. Then, 37 ml of 1,2-dichloroethane was added
to the mixture and stirred for 1 hour to obtain a uniform suspension.
The L-B and L-S trough methods were used to coat the graphene mono-
layers on the cathodes. In a typical procedure, the trough (KSV minitrough
with a maximum surface area of 273 cm”, made of PTFE with a dipping
well of 37 mm) and the barriers were cleaned once by water and twice
by ethanol and fully dried at room temperature under nitrogen gas.
The trough was filled with 275 ml of pure water as the subphase. Then,
the clean glass slides having the cathodes on one side were placed either
at the bottom of the trough (for the L-B isotherm technique) or inside
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the well (for the L-B dipping technique). The barriers were then closed
up to 160 mm from one side, and the air-water interface was cleaned by
vacuum suction. This process was repeated at least three times until the
surface pressure changes were less than 0.2 mN m™" during compres-
sion and decompression, indicating that the air-water interface was
clean. The organic suspension of graphene (GO or RGO) was then
transferred to a clean 5-ml glass syringe and dripped onto the air-water
interface of the trough via Teflon tubing with interconnects made of
poly(ether ketone). The dripping was performed on the water interface,
with a height of ~2 mm just above the interface, at a rate of 0.1 ml min™
for a total of 1.5 ml that was controlled by a syringe pump. We waited
for 30 min to make sure that the organic solvent was completely evapo-
rated, and the graphene monolayer was uniformly distributed on the air-
water interface. The barriers then compressed the graphene film at a rate
of 30 mm min~" until the surface pressure reached approximately
12 mN m ™. In the L-B isotherm technique, water subphase was sucked
out with a KNF Laboport PTFE vacuum pump to slowly lower the sur-
face of water and deposit compact graphene monolayer on the cath-
odes’ substrates. In the L-B dipping technique, the cathodes were
pulled out of the well with a speed of 8 mm min~", whereas the barriers
also compressed the film with a speed of 30 mm min™" to provide a
continuous graphene coating on the cathodes. In the L-S method, the
cathodes were moved down horizontally toward the graphene mono-
layer on the interface with a speed of 8 mm min™" until they touched
the water surface, and then they were immediately pulled out with the
same speed. The L-S method was very useful for the cathodes with the
high loading of active materials that could be disintegrated in the L-B
isotherm and dipping techniques due to a slightly longer immersion
time in water subphase. Coated cathodes were then removed from
the trough and dried overnight at room temperature under the fume
hood before the battery assembly. In situ reduction methods via hydra-
zine or water vapor were used when GO was used as the graphene
precursor to coat the cathodes’ surfaces. The GO-coated cathodes were
immersed in hydrazine monohydrate for 5 min and then washed with
distilled water and dried at 50°C for 5 hours before the battery assembly.
In a water vapor reduction method, the surfaces of GO-coated cathodes
were exposed to continuous flow of water vapor for 5 hours and then
cooled down to room temperature and dried.

Characterization techniques

XRD patterns of the samples were obtained using a Bruker D8 Discover
x-ray diffractometer with Cu x-ray tube and a wavelength of 1.54 A. The
in situ XRD patterns were collected at beamline 1D using a Mar345
image plate detector with a wavelength of 1.0331 A. For easy compar-
ison, 2q of all XRD patterns was recalculated and converted to the
corresponding angles for k = 1.54 A (Cu Ka radiation). The SEM work
was carried out in a Philips XL-30 ESEM, using 20-kV acceleration volt-
age. The AFM was carried out in a Bruker Dimension Icon machine
using a ScanAsyst-Air probe on a silicon cantilever substrate. The
samples of GO were prepared by drop-casting 40 ul of GO/water sus-
pension (0.05 mg/ml) on an HOPG substrate, followed by drying at
room temperature for 4 hours. The AFM images of the bare and coated
cathodes were directly taken from the surface before assembling into the
battery system. Careful adjustment of imaging parameters may be re-
quired for good qualities. The HRTEM was carried out in a Zeiss Libra
200 MC (Carl Zeiss Microscopy GmbH), at 200-kV acceleration volt-
age, with the standard single tilt holder. The images were captured by a
TRS SharpEye (Troendle) at 2048 x 2048 pixels. A drop of this suspen-
sion was placed on the carbon side of a standard TEM grid that was
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covered with an approximately 40-nm-thin holey carbon film (EMS300-Cu)
and placed on a filter paper to quickly dry. SAED patterns were taken
using an aperture size of 30 um and after calibrating with a gold poly-
crystalline sample. The structural defects of the samples were investi-
gated using Raman spectroscopy. The Raman spectra were recorded
by a Bruker Senterra Raman microscope with a laser radiation of 785 nm,
an integration of 20 s, an objective of x10, and a laser power of 20 mW.
To measure the elemental composition, we used a Thermo VG Scientific
ESCALAB 250 microprobe to record XPS spectra. The spectra were taken
using a monochromatic aluminum source, at 1486.6 eV and 49.3 W, with
a beam diameter of 200.0 um. The samples were pressed on a piece of
conductive carbon tape, and a double neutralization—a low-energy elec-
tron beam and low-energy Ar" beam—was used during spectrum acqui-
sition. The binding energies were reported relative to Cls at 284.8 eV. The
chamber analysis pressure was 2.0 x 10~° Pa during acquisition. The
takeoff angle was 45°C. For each sample, a high-sensitivity mode spectrum
was taken with a wide binding energy range of 0 to 1350 eV (survey) to
determine the surface elemental composition of the samples. Then, a nar-
rower binding energy window, with a pass energy of 23.50 eV, was used to
obtain high-energy resolution spectra of the elements present in the sam-
ple to determine its chemical environment and quantification.

Fabrication of LMO-based cathodes

The LMO cathodes were prepared by casting a slurry of 86 wt % LMO,
7 wt % KS-6, and 7 wt % PVDF in NMP on graphite foil and vacuum
drying at 60°C for 24 hours. Cathode discs of 12 mm diameter were
cut (typical active material load of 5.8 mg cm™2) and soaked in the
electrolyte solution under reduced pressure.

Assembly of ReHABs

Graphene-coated cathodes (diameter, 1.15 cm; thickness of the cathode
film, 110 um) were assembled with zinc discs (RotoMetals; diameter,
1.15 cm; thickness, 0.2 mm) and absorbed glass mat (NSG Corporation;
diameter, 1.15 cm; thickness, 0.5 mm), which act as the anode and sep-
arator, respectively. The solution of 1 M Li,SO4 (=99% purity; Sigma-
Aldrich) and 2 M ZnSO, (=98% purity; Sigma-Aldrich) in deionized
water was used as the electrolyte (pH 4).

Battery testing

CV measurement and EIS were performed on a Bio-Logic VMP3
electrochemical workstation, using Pt wire as the counter electrode,
Ag/AgCl as the reference electrode, and 1 M Li,SO4/2 M ZnSOy as
the electrolyte. Swagelok-type cells were used for galvanostatic charge-
discharge cycling at room temperature and 60°C, using a Neware battery
testerat4 C (1 C=120mA g ') between 1.4 and 2.1 V. Rate capability test
was performed under 1 to 10 C. Self-discharge tests of the ReHAB cells
were performed at room temperature in Swagelok-type cells using a
Neware battery tester (BTS, 5 V and 5 mA). The cells were galvano-
statically charged and discharged for three cycles using 0.25-C equiv-
alent rate (1 C = 130 mA g’l) between 1.4 and 2.1 V versus Zn/Zn>",
and charged to 2.1 V, and the OCV condition was left for 84 hours
with continuous monitoring of the cell voltage. Float charge current
tests were performed by charging the cell to 2.1 V at 0.2 C and hold-
ing it at that voltage for 1 day, during which time the current varia-
tion was recorded. The capacity loss (Cs) of float charge is calculated
using Eq. 1

Cr

Closs = x 100% (l)

discharge
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where Cy is the float charge capacity during 1-day float charge and
Cischarge 18 the capacity before 1-day float charge.

Supercapacitor testing

An asymmetrical supercapacitor device based on graphene-coated
cathode (10RGO) was fabricated using activated carbon (AC) as the anode
and 0.5 M aqueous solution of Li,SO, as the electrolyte. The balancing
weight ratio of AC to LMO (2:1) was calculated on the basis of their
specific capacitances. The galvanostatic charge-discharge cycling test
of the supercapacitor was performed in a CHI 760D electrochemistry
workstation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/9/e1701010/DC1
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density of 4 Ag™".
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fig. S20. Coulombic efficiencies of the T0RGO and Blank samples during 300 cycles at 4 C.
fig. S21. In situ XRD patterns of Blank and T0RGO cathode during discharge process (Li,Mn,0,,
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