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ABSTRACT: Generally speaking, excellent electrochemical performance of

metal oxide/graphene nanosheets (GNSs) composite is attributed to the
interfacial interaction (or “synergistic effect”) between constituents. However,
there are no any direct observations on how the electronic structure is changed
and how the properties of Li-ion storage are affected by adjusting the interfacial
interaction, despite of limited investigations on the possible nature of binding
between GNSs and metal oxide. In this paper, CuO nanosheets/GNSs
composites with a little Cu,O (ca. 4 wt %) were utilized as an interesting
model to illustrate directly the changes of interfacial nature as well as its deep

influence on the electronic structure and Li-ion storage performance of
composite. The interfacial adjustment was successfully fulfilled by removal of

Cu,O in the composite by NH;-H,O. Formation of Cu—O—C bonds on
interfaces both between CuO and GNSs, and Cu,O and GNSs in the original
CuO/GNSs composites was detected. The small interfacial alteration by

(a) CuO/GNSs

(b) CuO/GNSs-NH,

O ® Cu CuO

removal of the little Cu,O results in the obvious changes in electronic structure, such as weakening of covalent Cu—O—C
interfacial interaction and recovery of z bonds in graphene, and simultaneously leads to variations in electrochemical
performance of composites, including a 21% increase of reversible capacity, degradation of cyclic stability and rate-performance,
and obvious increase of charge-transfer resistance, which can be called a “butterfly effect” in graphene-based metal oxide
composites. These interesting phenomena could be helpful to design not only the high-performance graphene/metal oxide anode
materials but also various advanced graphene-based composites used in the other fields such as sensors, catalysis, fuel cells, solar

cells, etc.
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1. INTRODUCTION

Transition metal oxides including Fe,0; Co;0, NiO, and
CuO have attracted much attention because of their eco-
friendliness, low cost, and high theoretical specific capacity.' ™
However, some of their drawbacks, such as low conductivity,
and pulverization and aggregation caused by large volume
expansion, lead to their rapid capacity attenuation during
charge/discharge process and hinder severely their practical
application in future. To improve the electrochemical perform-
ance, one of basic strategies is to design various nanocarbon-
based metal oxide anode materials.® Compared with other
carbon materials such as carbon nanotube and amorphous
carbon coating layer, graphene as an emerging two-dimensional
nanocarbon possesses more excellent performance. Therefore,
the rising discovery of graphene triggers a pervasive fever for
design of graphene-based metal oxide anode materials.”~”
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Except the charming properties of graphene itself, another
novelty of graphene-based composite anode is interfacial
interaction between metal oxide and graphene, which not
only can control the morphology and size of inorganic particles
grown on the surface of GNSs®'®'" but also can affect the
charge transport and rate performance as well as ability of
withstanding repeating lithiation/delithiation of electrode

. 179,12
materials.””

Up to now, many researchers have attributed
improvement of electrochemical performance of graphene-
based metal oxide anode materials to so-called “synergistic
effect””"*~"> However, most of previous efforts were mainly

focused on the preparation strategies and Li-ion storage
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measurement of graphene-based composites. To the best of our
knowledge, there is a limited understanding of exact nature of
interfacial interaction and electronic structure of composite as
well as its influence on electrochemical performance of
composites. In our previous work, we found a covalent Fe—
O—C bonding between Fe;O, and GNSs and proved that this
interaction can enhance the high-rate performance as well as
longlife cyclic ability of Fe;O,/GNSs anode.” Similarly, Zhou et
al. also discovered that C—O-—Ni interaction is helpful in
improvement of Li-ion storage of NiO/graphene composites.”
Besides enhancing the electrochemical performance of
composite anode materials, this kind of strongly covalent
couple exerted positive influence over many other applications
of graphene-based metal oxide composites. For example, Liang
et al. detected possible Co—O—C/Co—N—C bond interaction
in Co3;0,/N-doped graphene composite, which greatly
improves the electrocatalytic activity of oxygen reduction
reaction of composite.'> Nevertheless, it can be seen from
the few reports that the interfacial interaction will open up a
new way for preparation of new-type graphene-based
composites with high performance.

Moreover, to design a better graphene-based composite
anode, it is not enough to just recognize the nature of bonding.
Naturally, deep understanding of how the interfacial interaction
in composite system affect the electronic structure of
composites, especially of graphene, and what is the relationship
between electronic structures and electrochemical performance
of composites need to be done, which is helpful to illuminate
the root causes of improvement of electrochemical performance
of metal oxide by graphene. However, the case has not yet to be
investigated in any graphene/metal oxide system due to the fact
that it is difficult to find a suitable system to adjust its interface
and exploring the subsequent influence on electronic structure
and electrochemical performance.

In this paper, we designed a CuO nanosheets/graphene
composite with a small quantity of Cu,O, which owns a
complex interface composed of covalent Cu—O—C bonds in
both CuO/GNSs and Cu,0/GNSs, as shown by Figure 1. This

(a) CuO/GNSs

(b) CuO/GNSs-NH,
O ® Cu CuO

Figure 1. Schematic Diagram of (a) complex interface composed of
CuO/GNSs and Cu,0/GNSs, and (b) CuO/GNSs interface after
removal of Cu,O by NH;-H,O.

is a perfect platform to investigate adjustment of the interface
and corresponding changes in electronic structure and
electrochemical performance, because we can selectively
remove the Cu,O between CuO and graphene using NHj-
H,O and retain the interface between CuO and GNSs. By
designing this interesting experiment, it can be found that the
small interfacial alteration results in the obvious changes in

specific capacity, cyclic performance, and diffusion dynamics of
Li-ion, which just like the “butterfly effect”. The results
obtained may be significant for better design of metal oxide/
graphene anode materials.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CuO/GNSs and CuO/GNSs-NH;. The

graphene oxide used was fabricated by a modified Hummers method
using natural graphite.'®

The CuO nanosheets/GNSs composite was synthesized using the
following procedure: First, CuSO, (100 mL, 0.1 M) was added to
round flask in 250 mL in 20 °C with vigorous stirring. Then, the
graphene oxide (37.5 mL, 3.2 mg/mL) was added to the solution;
soon afterward, NaOH (7.5 mL, 4 M) was added to the mixed solution
dropwise with vigorous stirring. After 30 min, the temperature was
raised to 60 °C and the system continued to react for 60 min. Then,
the sample was filtered and washed with deionized water. Lastly, after
drying, pestling, and annealing at 300 °C for 3 h in argon gas
atmosphere, the CuO/GNSs was obtained. After soaking in NH;-H,O
for 10 min, CuO/GNSs-NH; was obtained.

2.2. Characterization. The obtained samples were investigated by
scanning electron microscopy (SEM, ZEISS SUPRATM SS field
emission microscope), transmission electron microscopy (TEM, JEOL
JEM-2100), and X-ray diffraction (XRD, Rigaku D/max-2500B2+/
PCX) using Cu Ka radiation (1 = 1.5406 A) over the range 5—90°
(26) at room temperature.

X-ray photoelectron spectra (XPS) were recorded on a Thermo
Electron Corporation ESCALAB 250 XPS spectrometer using a
monochromatized Al Ka radiation (1486.6 eV) with 30 eV pass energy
in 0.5 eV step over an area of 650 ym X 650 um to the sample. All
binding energies were referenced to the C 1s peak at 285 eV. Before
XPS measurement, the sample was degassed under a high-vacuum
condition (<1077 Pa) to remove the adsorbed water and oxygen. The
functional group information on samples was obtained by Fourier
transform infrared (FTIR, Nicolet Nexus 670). Thermogravimetry
(TG) measurements were conducted on a NETZSCH STA449C
simultaneous thermal instrument. The samples were heated from
room temperature to 1000 °C at 5 °C/min under O, atmosphere.
Copper elemental analysis was conducted by inductively coupled
plasma (ICP) emission spectroscopy on a Shimadzu ICPS-7500
instrument.

Near-edge X-ray absorption fine structure (NEXAFS) measure-
ments were performed at the Berliner Elektronenespeicherring fiir
Synchrotronstrahlung (BESSY) using radiation from the Russian—
German beamline. NEXAFS spectra near the C K-, O K-, and Cu L-
edges were recorded in total-electron-yield (TEY) mode by
monitoring the sample drain current. The spectra were normalized
to the primary photon current from a gold-covered grid recorded
simultaneously. The monochromatization of the incident radiation in
the carbon, oxygen, and copper absorption region was ca. 80, 460, and
860 meV, respectively.

2.3. Electrochemical Measurements. Electrochemical measure-
ments were carried out by using 2032 coin-type cells. The working
electrodes were prepared by mixing the active materials, acetylene
black, and poly(vinylidene difluoride) (PVDF) at a weight ratio of
8:1:1 and pasting the mixture onto foam nickel. A pure lithium sheet
was used as the counter electrode. The electrolyte consisted of a
solution of 1 M LiPF¢ in ethylene carbonate (EC)—dimethyl
carbonate (DMC) (1:1 by volume). The cells were assembled in an
argon-filled glovebox with the concentrations of moisture and oxygen
below 1 ppm. The electrochemical performance was tested at various
rates in the voltage range 0.01—3.00 V. The electrochemical
impedance spectral (EIS) measurements were carried out on a
ZAHNER ENNIUM electrochemical working station. For the EIS
measurements, the frequency range was from 100 kHz to 10 mHz.
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3. RESULTS AND DISCUSSION

3.1. Morphology and Structure of As-Prepared CuO/
GNSs. TEM (Figure 2a, b) images exhibit a “sheet-on-sheet”

Figure 2. HRTEM images of CuO/GNSs (a, b) and CuO/GNSs-NH,
(¢, d).

structure of CuO/GNSs composite where CuO nanosheets are
anchored on the surface of graphene nanosheets. The CuO
sheet has the two-dimensional width of about 200 nm and
thickness of ca. 10 nm, which is similar to CuO/GNSs before
annealing (Supporting Information Figure S1). The SEM and
HRTEM images show the high quality of graphene after CuO
removal from CuO/GNSs (Supporting Information Figure S2).
Furthermore, HRTEM image displays high crystallinity of as-
prepared CuO sheets. As shown by Figure 2b, it can be seen
clearly the crystalline lattice of a CuO sheet, which is ca. 0.232
nm and corresponds to the (111) lattice plane of CuO.

Sharp diffraction peaks of XRD pattern (Figure 3) also
indicate high crystalline structure of CuO sheets (JCPDS 48-

—— CuOIGNSs
—— CUOIGNSs-NH3

Intensity/(a.u.)

== CuO/GNSs
=== CuO/GNSs-NH3

20 40 60 80
Two-thetadegree)

Figure 3. XRD patterns of CuO/GNSs and CuO/GNSs-NH;.

1548). The main diffraction peaks of CuO/GNSs belong to
CuO. No (002) diffraction peak of GNSs present in the XRD
pattern, suggesting that CuO sheets act as a spacer to hinder
the face-to-face aggregation of GNSs. It is important to note
that two weak peaks, appearing at 36.4 and 42.3°, respectively,
correspond to Cu,O(JCPDS 05-0667), indicating the presence
of trace amounts of Cu,O in the sample. The formation of
Cu, O should be attributed to the reduction of small quantity of

CuO by carbon during the annealing process (Supporting
Information Figure S3). Therefore, it can be deduced that
Cu,O should be located between CuO and graphene, which
can also be confirmed by subsequent XPS measurement. Thus,
it provides a good opportunity to adjust the interface of
composites using the NH;-H,O, because Cu,O can be
dissolved in NH;-H,O while CuO cannot.

3.2. Morphology and Structure of CuO/GNSs-NH;.
After soaking in NH;-H,O for 10 min, Cu,O diffraction peaks
disappear completely in the obtained CuO/GNSs-NH;,
indicating that Cu,O was removed. However, the intensity of
diffraction peaks of CuO in the CuO/GNSs-NH; is almost the
same as that in CuO/GNSs. Compared with those of CuO/
GNSs, the morphology and the structure of CuO/GNSs-NH;
obtained also have no obvious change, as shown by TEM
images (Figure 2¢, d). CuO nanosheets are still anchored
tightly on GNSs and keep a high crystallinity, just as shown by
Figure 2d. These results imply that only Cu,O is removed, and
CuO is not destructed by NH;-H,O. The ICP analysis shows
the concentrations of copper in CuO/GNSs and CuO/GNSs-
NH; were 61% and 56%, respectively. Content of Cu,O in the
initial composite was ca. 4 wt % calculated by TG and ICP
measurement (Supporting Information Figures S4). Although
this quantity is very low, elimination of Cu,O can affect largely
the interfacial nature as well as the electrochemical performance
of CuO/GNSs composites.

3.3. Change of Interfacial Bonding After Cu,O
Removal. XPS is a very effective test method to identify the
nature of interfacial interaction between metal oxide and GNSs,
as shown by our and others’ reports.””'* Figure 4a shows that
the CuO/GNSs and CuO/GNSs-NH; are all composed of C
(285 eV, C 1s), O (532 eV, O 1s), and Cu (934 eV, Cu 2p; 77
eV, Cu 3p) elements.

The curve fitting of Cu 2p, C 1s, and O 1s was carried out by
using Gaussian—Lorentzian peak shape after a Shirley back-
ground correction. In Figure 4b, the Cu 2p;/, peak for CuO/
GNSs is composed of two components at 932.5 and 933.7 €V,
corresponding to Cu,0 and CuO, respectively.'” ™" After
soaking in NH;-H, O, the Cu 2p;, peak for CuO/GNSs-NH; is
presented by a single component corresponding to CuO.'®
Therefore, the XPS measurement also confirms the presence of
Cu,0 in the CuO/GNSs and its disappearance after the sample
soaking in NH;-H,O, which is in accord with the XRD analysis
(Figure 3).

C 1s spectra of graphene (Figure 4c) in CuO/GNSs and
CuO/GNSs-NHj can be fitted to the mainly nonoxygenated C
(C=C/C—C) in aromatic rings (285 €V), and the C in C—
O—C (286.1 eV) and O—C=0 (289.0 ¢V) bonding.”***!
Noticeably, intensity of the C—O—C component in residual
GNSs is less by ca. 7% than that in the CuO/GNSs spectrum
(Supporting Information Figure SS, Table S1), indicative of
existent of bondingconnection between GNSs and copper
oxide, which may be attributed to the Cu—O—C bonds.”

Subsequently, the O 1s spectra are investigated in detail,
which is particularly important to confirm or disprove the
existence of Cu—O—C bonds. The spectra of CuO/GNSs and
CuO/GNSs-NH; can be fitted by three components at ca.
533.3, 531.7, and 530.1 eV, respectively. The peak at 533.3 eV
should be attributed to the original oxygen in graphene oxide,”*
while the component at 530.1 eV could arise from both CuO
and Cu,0."®" Here, we want to stress that it is difficult to
differentiate between the peaks from CuO and Cu,O, because,
on one side, binding energies of CuO (529.6 eV) and Cu,O

dx.doi.org/10.1021/am505186a | ACS Appl. Mater. Interfaces 2014, 6, 17236—17244



ACS Applied Materials & Interfaces

Research Article

€ __ CuOI/GNSs
— CuO/GNSs-NH3

(a)

CuO/GNSs-NH, ¢,

CuO/GNSs

1 1 1 1 1
1000 800 600 400 200 0

1 1 1 1 1 1 1
960 955 950 945 940 935 930

Binding energy (eV)
CuOIGNSs (c)

C=C/C-C

c-0-C

CUO/GNSs-NH,

C=CIC:

c-0C

1 1 1 1
292 290 288 286 284 282 280

Binding energy (eV)

Binding energy (eV)
CuO/GNSs (d)

Cu-0
Cu-0-C

CuO/GNSs-NH,
Cu-0

Cu-0-C

and C=0

co

%6 84 52 50 58
Binding energy (eV)

Figure 4. (a) XPS spectra of CuO/GNSs and CuO/GNSs-NHj; and their (b) Cu 2p, (c) C 1s, and (d) O 1s spectra.

(530.3 eV) are very close to each other,'®'? on the other hand,
content of Cu,O in the composite is only 4 wt % (Supporting
Information Figure S4). The middle component at 531.7 eV
should be caused by both the Cu—O—C bonding and the
C=0 groups in GNSs, because intensity of this peak decreases
largely in the residual GNSs after removing fully CuO in the
CuO/GNSs (Supporting Information Figure S5d). In addition,
the Cu—O—C component can shift positively by ca. 1-3 eV
than that in metal oxide according to previous reports, which is
in the range 531—-533 eV.2727 However, based on ratio of O
content in C=O0 and C—O in the residual GNSs, we can
calculate the O content from C=0 in CuO/GNSs and CuO/
GNSs-NHj, respectively (detailed calculation can be seen in
Supporting Information, Figure SS and Table S2). After
deducting the O content from C=O, the contents of Cu—
O—C species in CuO/GNSs and CuO/GNSs-NHj; are ca.
35% and 24%, respectively, implying a 11% decrease of Cu—
O—C bonds after the NH;H,O treatment (Supporting
Information Figure SS and Table S2). This result indicates
that 31% of the Cu—O—C bonds between copper oxide and
GNSs should be credited to Cu,O. Therefore, it can confirm

17239

that Cu,O should be located between CuO and graphene and
be formed by reduction of partial CuO by GNSs.

Fourier transform infrared (FTIR) spectroscopy measure-
ment also shows the changes of interfacial bonding after
removal of Cu,O. The FTIR spectra of the CuO/GNSs, CuO/
GNSs-NHj, and the remaining GNSs after removal of CuO are
compared in Figure S. The peak located at about 3430 and
1558 cm™ is related to the O—H vibration and skeletal
vibration of graphene, respectively.”*** In the FTIR spectra of
CuO/GNSs and CuO/GNSs-NHj, the peaks around 608, 497,
and 414 cm™" are attributed to Cu—0O.*"** Compared with
those of CuO/GNSs and CuO/GNSs-NH;, the peaks
disappear in residual GNSs. The peak presented at 1210
cm™! should be attributed to the C—O—C vibration, while the
peak at 1730 cm™! should be caused by C=0 group.”**° In
comparison with CuO/GNSs, the peak of CuO/GNSs-NH; in
1081 ecm ™ is weakened and even disappears, which is related to
the C—O stretching.””****7° It indicates that the CuO may
connect with graphene in the position of C—O. In addition,
the peak at 796 cm™ also receded or disappeared in CuO/
GNSs-NH; compared with the CuO/GNSs. The peak may be

dx.doi.org/10.1021/am505186a | ACS Appl. Mater. Interfaces 2014, 6, 17236—17244
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Figure S. FTIR spectra of CuO/GNSs, CuO/GNSs-NHj;, and
remaining GNSs after removal of CuO from CuO/GNSs.

related to the interactions between CuO and oxygen groups of
gr%}ghene oxide, corresponding to the formation of Cu—O—
C.

3.4. Electronic Structure of CuO/GNSs Composites.
Near edge X-ray absorption fine structure (NEXAFS) is a
powerful tool for a deep understanding of electronic structure
of materials. Figure 6 compares the NEXAFS spectra measured
near the C K-, O K-, and Cu L-edge of CuO/GNSs and CuO/
GNSs-NH;. The features of Cu L-edge are very sensitive to the
oxidation state of copper. The Cu L-edge spectrum of CuO/
GNSs has two peaks at 931.3 and 933.8 eV (Figure 6a), which
are ascribed to CuO and Cu,O, respectively, according to
previous reports.”” Noticeably, the peak at 933.8 eV in the
spectrum of CuO/GNSs-NH; disappeared completely, and
only the peak at 931.3 eV remained, indicating that Cu,O was
removed fully. The O K-edge spectra confirm this conclusion.
In the spectrum of CuO/GNSs, there are three peaks at 530.2,
532.5, and 534 eV (Figure 6b). The peak at 530.2 eV can be
assigned to CuO, the peak at 534 eV originates from the
oxygenated groups in graphene, and the peak at 532.5 eV
should be attributed to Cu,O.>” Actually, this peak disappears
from the spectrum of CuO/GNSs-NH;. Both Cu L- and O K-

edges spectra are consistent with the results of the XRD (Figure
3) and XPS (Figure 4b).

Most importantly, NEXAFS spectra analysis shows that
removal of Cu,O alters the electronic structures of graphene
dramatically. Figure 6c compares the C K-edge spectra of
CuO/GNSs and CuO/GNSs-NHj. The spectrum of the former
composite shows five peaks labeled A—E, respectively. The
sharp peak at 285.4 eV (labeled A) is assigned to the graphitic
1s — 7* transitions, while the intense peak at 291.9 eV (labeled
E) is associated with the 1s — ¢* transitions.’®* *® The weak
peaks B—D located between the peak A and E should be related
with the oxygen-containing functional groups and defects on
graphene sheets as well as interfacial interaction between CuO/
Cu,O and graphene, according to previous reports.*>*>+>~*
After the removal of Cu,O, the peak D at 290.4 eV is absent
almost in the C K-edge spectrum of CuO/GNSs-NHj,
indicating the strong bonding between Cu,O and GNSs.
Interestingly, there is an obvious increase of the 7™ resonance
for CuO/GNSs-NH; with the disappearing of interaction
between Cu,O and GNSs, indicating the restoration of 7-
electron network of graphene disturbed by the Cu,O.

Besides the changes in electronic structure and interfacial
bonding, removal of Cu,O results in the formation of
micropores between CuO and GNSs. Supporting Information
Figure S6 shows nitrogen adsorption—desorption isotherms
and pore-size distribution curves of CuO/GNSs and CuO/
GNSs-NH;. Obviously, after soaking in NH;-H,O for 10 min,
the new micropores in CuO/GNSs-NH; are presented at ca.
1.36 and 1.48 nm, which never appeared in the CuO/GNSs.
Simultaneously, the specific surface area of CuO/GNSs-NH;
increased to 5§ m?/g from SO m’/g of CuO/GNSs. The
increase of specific surface area and presence of new
micropores will create new position for Li-ion storage in
CuO/GNSs-NH,;.

3.5. Influence of Change of Interfacial Nature on
Electrochemical Performance. To confirm the influence of
the change in interfacial interaction in composite on the
electrochemical performance, specific capacity, cyclic perform-
ance, as well as dynamic parameters of CuO/GNSs and CuO/
GNSs-NH; as anode materials for lithium-ion batteries were
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Figure 6. NEXAFS spectra near (a) Cu L-, (b) O K-, and (c) C K-edge of CuO/GNSs and CuO/GNSs-NH;.

17240

dx.doi.org/10.1021/am505186a | ACS Appl. Mater. Interfaces 2014, 6, 17236—17244



ACS Applied Materials & Interfaces

Research Article

3.0
(a) e st-discharge

—~ 25 =—st-charge
4 e—2nd-discharge
:l e—=?nd-charge
320
o
> 15|
>
>

1.0 |
© 0
=
g 0.5

1 1 1
0 200 400 600 800

Specific Capacity(mAh/g)

1000

e CuO/GNSs
= CuO/GNSs-NH,

1000 (c)

800

600

Specific Capacity(mAh/g)

Cycle number

Specific Capacity(mAh/g)

0 20 40 60 80 100

@ %00 (e) ——CuOIGNSs
= e CUO/GNSs-NH
< 3
\Ef 750
P
x
(8]
S
© 600
(&)
(8}
=
o 450 ——
Q
8 -\
m 1 1 1 1
0 20 40 60 80 100

Cycle number

3.0
e st-discharge
—~ 25 =—ist-charge
i ==—2nd-discharge
EI 2nd-charge
- 20
o
> 15
>
(%]
o 1.0
©
=
o
S 0.5
0 200 400 600 800 1000 1200
Specific Capacity(mAh/g)
900
== CuO/GNSs

(d)

——CUOIGNSs-NH,

0 20 40 60 80 100
Cycle number

= CUO-GNSs
=== CuO-GNSs-NH,

900 (f)

~
a
=)

[=2]
o
o

450

Specific Capacity(mAh/g)

20 40 60 80 100
Cycle number

w
(=3
o

o

Figure 7. Charge—discharge curves of CuO/GNSs (a) and CuO/GNSs-NH; (b). The cycle performance of CuO/GNSs and CuO/GNSs-NH; at a

current density of 100 (c), 200 (d), 500 (e), and 800 mAg™" (f).

evaluated by galvanostatic charge/discharge measurement. It
was found that the discharge/charge voltage profiles were
similar, implying that CuO is the key specific capacity
contributor of CuO/GNSs and CuO/GNSs-NH; (Figure 7a,
b). CuO/GNSs and CuO/GNSs-NH; all have three
pseudoplateaus (2.5-2.0, 1.5-1.25, and 1.0 V vs Li*/Lj,
respectively) for the reaction of Li and CuO, corresponding to
the multistep electrochemical Li reaction process.**’ We also
found CuO/GNSs and CuO/GNSs-NH; have a discharge
slope between 0.5 and 0.01 V, which is corresponding to the
reaction of Li-ion and graphene.®

A change of interface leads to increase of specific capacity of
CuO/GNSs-NH;. From Figure 7¢, the first discharge specific
capacity (Li-insertion) and reversible capacity of CuO/GNSs
are 862 and 529 mAhg™' at a current density of 100 mAg~",
respectively. After removing Cu,O, the first discharge capacity

17241

and reversible capacity of CuO/GNSs-NH; electrode increases
to 1039 and 639 mAhg™’, respectively. Noticeably, reversible
capacity improves by ca. 21% after adjusting the interface.
However, there is a little difference in the theoretical specific
capacities of CuO/GNSs and CuO/GNSs-NH;, which are ca.
592 and 589 mAhg™' calculated from the theoretic capacity of
CuO (674 mAhg™"), Cu,0 (375 mAhg™'), and the reversible
capacity of GNSs (308 mAhg ™", Supporting Information Figure
S8). Therefore, it should be attributed to the change of specific
surface area as well as presence of micropores due to the fact
that micropores own the ability of Li-ion storage, as shown by
previous reports.’*”>?

However, weakening of interfacial interaction would produce
an unfavorable effect on cyclic performance. During the initial
18 cycles, no any fade of specific capacity occurs to CuO/
GNSs-NHj; at 100 mAhg ™" (Figure 7c). Thereafter, its capacity
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begins to decrease gradually. After 100 cycles, the discharge
specific capacity of the CuO/GNSs-NH, is 538 mAhg ™", which
is ca. 84% of the first reversible capacity. Compared with CuO/
GNSs-NH;, CuO/GNSs exhibit better cyclic performance.
After 100 cycles, the result shows that its capacity not only has
no any decrease but, on the contrary, increases to 563 mAhg_l,
which is even higher than that of CuO/GNSs-NHj;. This
indicates that CuO/GNSs-NH; with weaker interfacial
interaction is hard to resist the repeating insertion/desertion
of Li-ion.

Weakening of interfacial interaction would also be unhelpful
to the improvement of rate-performance (Supporting Informa-
tion Table S3). When the current density increases to 200
mAg~', the difference of the first reversible capacity between
CuO/GNSs (510 mAhg™') and CuO/GNSs-NH; (560
mAhg™') shrinks to SO mAhg™". The difference of their first
reversible capacities shrinks in further to 22 mAhg™' at 500
mAg~". Gradual decrease of the difference with the increase of
current density indicates poorer rate-performance of CuO/
GNSs-NH;. Meanwhile, cyclic stability of CuO/GNSs-NH;
gets worse and worse compared to that of CuO/GNSs with the
increase of current density. At 100 mAg~', the discharge
specific capacity of the CuO/GNSs after 100 cycles can retain
107% of its first reversible capacity while retention rate of
capacity of CuO/GNSs-NH; can only be 84%. When the
current density increases to 800 mAg~', retention rate of
capacity of CuO/GNSs is still up to 83%. In contrast, retention
rate of CuO/GNSs-NHj; only keeps at ca. 66%.

To reveal the reasons for changes of electrochemical
performance after adjusting interfacial interaction, the kinetics
of both CuO/GNSs and CuO/GNSs-NHj; electrodes were
investigated by the electrochemical impedance spectroscopy
measurement (Supporting Information Figure S7). It can be
seen that the film resistance (R;) and charge-transfer resistance
(Ry) of CuO/GNSs are ca. 13.5 and 58.0 Q, respectively. Both
the R (49.8 Q) and R, (152.3 Q) of CuO/GNSs-NHj; are
much larger than those of the CuO/GNSs electrode, which
leads to poorer rate-performance of CuO/GNSs-NH;.
Generally, improvement of electrochemical performance of
graphene-based metal oxide anode materials is attributed to
formation of a better conductive network of GNSs. The transfer
of electron in graphene-based metal oxide composites should
be affected by the resistance in the graphene basal plane (Rg) as
well as that between metal oxide and graphene sheets (RMO—g)'
Rg of CuO/GNSs-NH; should be lower than that of CuO/
GNSs due to the restoration of 7 network of graphene after
removing Cu,O as shown by NEXAFS measurements.
However, the overall charger-transfer resistance of CuO/
GNSs-NH; is nearly 3 times higher than that of CuO/GNSs,
$0 Ryo-g of CuO/GNSs-NH; should be much higher than that
of CuO/GNSs. It indicates that the covalent interaction of Cu—
O—C bonds between CuO and GNSs plays an important role
for electron transfer.

Due to undergoing the conversion reaction during the
discharge/charge process, a recent report indicated that
reconstruction of MnO nanosheet on graphene into ultrathin
nanoparticles could occur during the cycling, which will be
helpful to keep superior electrochemical performance of MnO/
graphene.>* Therefore, it is also very interesting to observe the
effect of interfacial nature on the morphology conversion of
CuO nanosheet on graphene. To observe the change of
morphology of CuO/GNSs and CuO/GNSs-NHj;, we have
opened the battery and observed the composite after the
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discharge/charge cycles by TEM. Supporting Information
Figure S9 shows the CuO nanosheets on graphene for both
CuO/GNSs and CuO/GNSs-NH; have changed into small
nanoparticles, which is very consistent with that in MnO/
graphene composite.”* However, the average size of CuO/
GNSs (ca. 3.5 nm) after cycle was obviously much smaller than
that of CuO/GNSs-NH; (ca. 7 nm), and the distribution of
CuO/GNSs was more uniform than that of CuO/GNSs-NHj,
which should be attributed to the stronger interfacial
interaction in CuO/GNSs than that in CuO/GNSs-NH;. The
smaller particles of CuO/GNSs will lead stronger interaction
between CuO and graphene due to the more contact points,
which will benefit to limiting the aggregation of active materials
upon cycling.”** Meanwhile, another report also shows that
smaller particles formed from conversion reaction is more
helpful to reversibility of electrode material.’® Therefore, the
CuO/GNSs electrode showed better cyclic and rate perform-

ance.

4. CONCLUSIONS AND OUTLOOK

In summary, CuO nanosheets/GNSs composites with a little
Cu,O were utilized as a model to illustrate directly the
interfacial adjustment as well as its deep influence on the Li-ion
storage performance. It can be found that Cu—O—C bonds
were formed on interfaces both between CuO and GNSs and
between Cu,O and GNSs. The small interfacial alteration by
removal of Cu,O led to the obvious changes in electronic
structure and electrochemical performance of composite anode
materials, including the large increase of reversible capacity,
degradation of cyclic stability and rate-performance, and
obvious increase of charge-transfer resistance. Therefore, a
small adjustment of interfacial interaction can trigger a
“butterfly effect” in the Li-ion storage of graphene-based
composite anodes, which should be a new pathway to design
advanced graphene-based composites in the other application
fields such as sensors, catalysis, fuel cells, and solar cells.
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