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A B S T R A C T

Single-atom metal dispersed on graphene materials are highly desired in various fields such as energy conver-
sion/storage, catalysis and nanoelectronics. However, the fabrication of such materials with high loading level is
still challenging, as the conventional pyrolysis protocol usually leads to metal agglomeration due to the poor
thermal stability of metal precursors and the high surface energy of single-atom metals. Herein, we demonstrate
the fabrication of single-atom Cu dispersed on graphene (Cu/G) with ultrahigh Cu loading of 5.4 wt%, using a
unique confined self-initiated dispersing protocol. It is revealed that Cu is introduced into graphene matrix via
highly active gaseous Cu-containing intermediate, which results in abundant and well-dispersed Cu-containing
moieties. This Cu/G material with ultrahigh loading level as an electrocatalyst presents remarkable activity
towards the oxygen reduction reaction (ORR) due to the abundant and highly dispersive Cu single atoms, even
outperforming the commercial Pt/C. Our findings not only facilitate the development of single-atom metal
dispersed on graphene materials but also highlight the importance of tuning active site structures in non-noble
metal electrocatalysis.

1. Introduction

Recent years have witnessed the boosting research on metal single-
atom materials because of their 100% metal dispersion and tunable
electronic structures highly distinctive from the bulk counterparts
[1–3]. These unique features make the metal single-atom materials
attractive in various fields such as energy conversion/storage, sensing,
catalysis and nanoelectronics [4–8]. In particular, single-atom catalysis
has become the most active and promising frontier. The single-atom
catalysts (SACs) with largely tuned catalytic activity/selectivity have
been explored to various chemical, [9–13] electrochemical, [14–16]
and photochemical reactions [17]. The dispersing substrate is proved to
be vital to metal SACs. Graphene with sp2-hybridized carbon structure
is an ideal substrate for dispersing metal SACs, due to its superior
electrical conductivity, large specific surface area, exceptional me-
chanical strength and high flexibility [18–20]. Graphene-based SACs

have exhibited excellent catalytic properties in organic reactions,
[21,22] CO2 reduction, [23,24] and H2 evolution [25–30].

Unfortunately, the loading of metal SACs on graphene, and other
substrates as well, is usually rather low due to the aggregation tendency
of metal atoms, which is a major barrier to the application of metal
SACs [21,31–33]. The most conventional method for the fabrication of
graphene-based SACs is the high-temperature pyrolysis of graphene
oxide and metal salts. For instance, single atom Ni on graphene was
obtained by the high-temperature treatment of the mixture of graphene
oxide, dicyandiamide and nickel nitrate, [4] while Co and Fe were
atomically dispersed on graphene by the pyrolysis of graphene oxide
and corresponding metal chlorides in ammonia atmosphere [6,27,34].
However, single-atom metals are thermodynamically unstable due to
their high surface energy and tend to agglomerate into clusters or even
nanoparticles during the pyrolysis process (Fig. 1 upper diagram). To
tackle this issue, only limited amount of metal salt can be introduced in
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the precursors. Therefore, the loading level of single-atom metals on
graphene is barely satisfactory (Table S1, Supporting Information), and
high loading dispersion of metal single atom is still quite challenging.

Herein, we report single-atom Cu dispersed on graphene with high
loading level via a unique confined self-initiated dispersing protocol,
simply by pyrolysis of graphene oxide (GO) and dicyandiamide (DICY)
in a copper container (Fig. 1 lower diagram, see Experimental Section
for details). During the pyrolysis, DICY first decomposes into highly
reactive nitrogen-containing gas, which further reacts with copper
container to in-situ generate Cu-containing gaseous precursor. This
precursor is rather active at high-temperature, inducing abundant and
well-dispersed Cu single atoms on the graphene matrix. The innovative
dispersing process avoids the massive agglomeration of metal atoms in
the conventional procedures, and the loading level of single-atom Cu
reaches up to 5.4 wt%, the highest value in single metal atoms dispersed
on graphene reported so far. This Cu/G with high loading level as an
electrocatalyst presents remarkable activity towards the oxygen re-
duction reaction (ORR), even outperforming the commercial Pt/C cat-
alyst.

2. Experimental Section

2.1. Material synthesis

Cu/G: Graphene oxide (GO) was synthetized according to the pre-
viously reported work [34]. Typically, 240mg dicyandiamide (DICY)
was added into 20mL graphene oxide dispersion (1mgmL−1) and
stirred for 10 h, which was freeze-dried to obtain the GO/DICY mixture.
The mixture was added into a quartz boat, which was partially covered
by a quartz plate to prevent the samples from contaminating. The entire
quartz boat was tightly wrapped with a piece of Cu foil, and pyrolysed
at 600 °C for 2 h and 800 °C for 1 h under flowing Ar in a tube furnace.
The product was treated in O2 saturated 0.5 mol L−1 H2SO4 solution at
80 °C for 10 h to remove the impurities. After thoroughly washing with
deionized water, the product underwent a second pyrolysis at 300 °C
under Ar to obtain the final Cu/G. For comparison, pristine graphene
(p-G) and N-doped graphene (N-G) samples were synthesized in the
same procedure as Cu/G, except that GO alone was used as precursor
and a normal quartz boat without Cu foil was utilized, respectively.

2.2. Physical characterization

The morphology of the samples was investigated by transmission
electron microscopy (TEM) using a JEOL JEM2010 TEM with 200 kV
accelerating voltage, and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) using a probe aber-
ration corrected microscope, JEOL JEM-ARM200CF, equipped with
cold field emission gun, operated at 200 kV. Energy dispersive X-ray

spectroscopy (EDS) was recorded with a SDD-type detector. The at-
tainable energy resolution of the detector is 130 eV. The crystal struc-
ture was analyzed using X-ray diffraction (XRD) performed on a Rigaku
D/max-rB diffractometer with Cu Kα (λ = 1.5406 Å) radiation at step
size of 0.026°. The specific surface area and pore structure were de-
termined by a Beishide 3H-2000PS2 BET surface area analyzer. The
chemical composition was studied by X-ray photoelectron spectroscopy
(XPS) performed on a Physical Electronics PHI model 5700 instrument
using Al Kα radiation. The binding energy for all samples was corrected
by the C1s peak of advantageous carbon at 284.6 eV. The mass fraction
of Cu in samples was detected by inductively coupled plasma optical
emission spectrometry (ICP-OES), performed on PerkinElmer Optima
5300DV ICP-OES System. Fourier transform infrared spectroscopy
(FTIR) was conducted on a Thermo Scientific Nicolet iS10 FT-IR spec-
trometer. Raman spectroscopy were recorded on a JY HR800 Raman
spectrometer using 457.9 nm laser. Thermogravimetric analysis-mass
spectrometry (TG-MS) was conducted on Netzsch STAA449C16/
G + QMS403 in Ar atmosphere. Detailed chemical structure of samples
was investigated by Cu K-edge X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) mea-
surements, conducted at the HXMA beamline of the Canadian Light
Source.

2.3. Electrochemical measurements

Typically, 2.6 mg catalyst powder was added into 30 μL Nafion (5 wt
%, DuPont) and 520 μL mixture of water (18.25MΩ cm, Milli-Q) and
isopropanol (ACS grade, Aladdin Reagent) in 3:1 volume to form a
homogenous ink assisted by ultrasound. Certain amount of catalyst ink
was pipetted onto a polished glassy carbon rotating disk electrode
(RDE, 3mm in diameter) or disk of rotating ring-disk electrode (RRDE,
5.6 mm in diameter) to obtain the catalyst loading of 0.4mg cm−2

disk. For
Pt/C (20 wt%, Alfa Aesar), a catalyst loading of 0.1 mg cm−2

disk was
adopted. A three-electrode cell was used for the electrochemical mea-
surements. Before using, the three-electrode glass cell was soaked in
saturated sulfuric acid and rinsed multiple times with ultrapure Milli-Q
water. The catalyst-coated RDE (or RRDE) connected to a PINE 636
RDE system was used as the working electrode. An Hg/HgO electrode
and a Pt foil (1 cm×1 cm) were used as the reference and counter
electrodes, respectively. All the electrochemical measurements except
chronoamperometry were conducted using a CHI 720b electrochemical
workstation at 25 °C. For each electrochemical measurement, 50mL
freshly prepared 0.1 mol L−1 KOH (99.999% metal basis, Aladdin
Reagent) aqueous solution was used as the electrolyte. The reference
electrode was calibrated by a Pt foil immersed in H2 (99.999%) satu-
rated KOH solution. All the electrode potentials in this work were re-
ferenced to the reversible hydrogen electrode (RHE).

The ORR polarization curves were recorded in O2 (99.999%)

Fig. 1. Schematic illustration of (upper) conventional and (lower) confined self-initiated dispersing protocols for the synthesis of metals dispersed on graphene.
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saturated KOH solution at a scanning rate of 10mV s−1 between 1.0 V
and 0.0 V at different rotating rates. The potential of ring disk was kept
at 1.2 V in RRDE tests. The chronoamperometry tests were carried out
at 0.65 V in O2 saturated KOH using a CHI 6081 electrochemical
workstation. Accelerated durability tests (ADTs) were conducted by
performing potential scan between 0.6 V and 1.0 V for 10000 cycles at a
scanning rate of 100mV s−1 in O2 (99.999%) saturated KOH.

Kinetic current density (ik) of catalysts was calculated by the
Koutecky-Levich equation [35]:

= + = −

i i i i Bϖ
1 1 1 1 1

k d k
1/2

where i, ik and id represent apparent current density, kinetic current
density and diffusion-limited current density (mA cm−2), respectively;
ω is the rotating rate of the electrode (rpm); B is a coefficient depending
on the properties of electrolyte.

Turnover frequency (TOF) was calculated by the following equation
[36]:

=TOF i M
c ϖ F

k metal

cat metal.

where Mmetal is the molar mass of metal element, ccat. is the mass
loading of catalyst on the electrode (0.4 mg cm−2 for Cu/G or
0.1 mg cm−2 for Pt/C), ωmetal represents the mass ratio of metal in
catalyst (5.4% for Cu/G and 20% for Pt/C), and F is Faraday constant
(96485 Cmol−1).

Electron transfer number (n) and HO2
− yield (HO2

−%) were cal-
culated by the following equations [37]:
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where Id and Ir were disk current and ring current, respectively, and N is
the ring current collection efficiency (0.37).

2.4. Zn-air battery assembly and testing

The electrochemical tests of Zn-air batteries were conducted using
home-made coin cells (CR2025 type), consisting of an air cathode, a
polished Zn plate anode, a glass filter separator (Whatman) and
6.0 mol L−1 KOH solution as electrolyte. The mixture of XC-72r carbon
black and polytetrafluoroethylene (60 wt%, DuPont) was roll-pressed
onto a nickel foam to form the gas diffusion layer. The air electrode was
fabricated by pipetting certain amount of catalyst ink onto the gas
diffusion layer with a catalyst loading of 0.4 mg cm−2 for both Cu/G
and Pt/C. The Zn-air battery polarization curves were collected on a
CHI 6081 electrochemical workstation at 25 °C in ambient air using
galvanodynamic method at a scan rate of 1mA s−1.

2.5. Computation methods

The density functional theory (DFT) calculations for ORR on Cu
(111) and CuN2 adopted graphene supercell were performed by using
freely available CP2K/Quickstep package [38]. Cu(111) was modeled
by a four-layer slab of p(4×4) super-cell and the size of simulation box
was 10.224×10.224× 21.261 Å3. Neighboring slabs were separated
by a vacuum of 15 Å to avoid spurious self-interactions. Monkhorst-
Pack k-point meshes of 4×4×1 were used for these periodic models.
An energy cutoff of 400 eV was employed for the plane-wave basis set.
The convergence threshold for ionic steps in geometry optimization was
1× 10−4 eV. Geometries were deemed converged when the forces on
each atom were below 0.02 eV Å−1. A frequency analysis was carried
out on the stable states in order to confirm that these represented
genuine minima. All of the electronic energies were corrected for zero-

point energy (ZPE) contributions. For CuN2 adopted graphene super-
cell, the 2s, 2p electrons of the O, C and N atoms and the 4s, 3d elec-
trons of the Cu atoms were treated as valence electrons. We used
Perdew-Burke-Ernzerhof (PBE) functional with Grimme's dispersion
correction [39]. The core electrons were represented by analytic Goe-
decker-Teter-Hutter (GTH) pseudopotentials [40,41]. The Gaussian
basis sets were double-ζ with one set of polarization functions (DZVP)
[42]. The plane wave cutoff for the electron density was 400 Ry.

To explore the free energy profile along the ORR pathway, the
change in Gibbs free energy for all intermediates has been evaluated
using the following relation:

= − −ΔG ΔE TΔS neU

where E is the total energy calculated from DFT. S, entropy, can be
obtained directly from a physical chemistry table [43]. The n represents
the number of transferred electrons, e is the elementary charge and U is
the operating electrochemical potential in standard hydrogen electrode
(SHE).

In order to calculate the change in S of the molecules, O2, H2 and
H2O molecules are considered to be in gas phase at room temperature
and under ambient pressure. It is also considered that the entropy of the
adsorbed states of the molecules are negligible compared to that in their
gas phase. The free energies of H2O(l), O2 (g) and OH− are estimated
from the following equations:

= +G G RT
p
p

ln( )l gH O( ) H O( )
0

2 2

= − +G G G2 2 4.92eVg l gO ( ) H O( ) H ( )2 2 2

= − = − + ×− +G G G G G k T pH1
2

ln 10l l g BOH H O( ) H H O( ) H ( )2 2 2

where R is the gas constant, T= 298.15 K, p=0.035 bar and
p0= 1 bar. As indicated earlier, in this free energy analysis, “H+ + e−”
has been assumed to be in equilibrium with 1/2 H2, at pH=0 and 0 V
potential in SHE.

3. Results and discussion

3.1. Physical characterization

The morphology of the as-prepared Cu/G sample is characterized by
transmission electron microscopy (TEM). Fig. 2a identifies the large and
semitransparent microsheets with many wrinkles, a typical graphene
morphology (Fig. S1 in Supporting Information), [44,45] indicating
that the confined self-initiated dispersing process causes negligible
morphology damage. The lattice fringe is measured to be ~0.34 nm
from the wrinkles in the high resolution TEM image (Fig. 2b), which is
in good agreement with the (002) crystalline plane of graphene and
reveals the reduction of GO to graphene during the pyrolysis process.
Meanwhile, the selected area electron diffraction (SAED) pattern veri-
fies the presence of graphene without any highly-crystallized phases
(inset in Fig. 2b) [46]. Moreover, the uniform distribution of Cu signals
in the energy dispersive spectroscopy (EDS) elemental mappings
(Fig. 2c) suggests the substantial dispersion of atomic Cu on the gra-
phene matrix. Further characterization using spherical aberration cor-
rected HAAFD-STEM reveals a significant number of bright dots on a
graphene sheet (highlighted in Fig. 2d). These dots can be identified as
single-atom Cu because the Z-contrast of Cu is much different from that
of lighter elements such as C, N or O [27,47,48]. The number density of
single Cu atoms in Fig. 2d is roughly estimated to be ca. 2 nm−2. The
loading level of single-atom Cu in our Cu/G material is detected by ICP-
OES to reach up to 5.4 wt%. To the best of our knowledge, this is the
highest single-atom metal loading level on graphene ever reported
(Table S1), which should be ascribed to the unique confined self-in-
itiated dispersing protocol.

The XRD pattern of Cu/G material (Fig. S2) shows a broad peak at
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26.7° corresponding to the (002) plane of graphitic carbon, [49] which
is in consistence with the lattice fringe and SEAD pattern in Fig. 2b.
Moreover, the pattern of Cu/G shares the same characteristics to that of
pristine graphene (p-G) prepared by the similar procedure (see Ex-
perimental Section), revealing their alike crystal structure. The XRD
pattern of Cu/G does not show any diffraction peak from copper and its
oxides/carbides/nitrides, which suggests that there are no impurity
present in Cu/G. The carbonous structure of Cu/G is revealed by Raman
spectroscopy (Fig. 3a). The distinct G band (1577 cm−1) and D band
(1357 cm−1) represent the graphitic and disordered carbon, respec-
tively [50]. The higher intensity ratio of D and G bands for Cu/G (1.07)
than that for p-G (0.83) proves a greater amount of defects in Cu/G
matrix, [51] which should result from for the Cu atom dispersion.

The surface chemical environment of Cu/G is analyzed by XPS. In
high resolution Cu 2p spectrum (Fig. 3b), the major peaks centered at
932.0 eV and 952.0 eV correspond to the metallic/monovalent Cu
(those at 934.3 eV and 954.3 eV are from divalent Cu due to oxidation)
[52,53]. Because the binding energies of Cu(0) and Cu(I) are too close
to be separated in Cu 2p XPS spectrum, LMM Auger spectrum is char-
acterized (inset in Fig. 3b). Both the peak centered at 916.3 eV and the
Auger parameter of 1848.7 eV demonstrate the richness of Cu(I) in Cu/
G, [54] which will be further confirmed by XANES result. The disper-
sion of single-atom Cu onto graphene is further supported by the high
atomic ratio of pyridinic N (55.2 at.% of total N, Fig. S3a), which is
believed to be the anchor sites for single-atom metal through co-
ordination.

XANES and EXAFS are conducted to probe the local electronic
structure of Cu in Cu/G. The white line of Cu K-edge for Cu/G shifts
towards higher energy compared with metallic Cu to a position

between Cu2O and CuO (Fig. 3c), revealing a positive oxidation state of
Cu in Cu/G [55,56]. Further, the first derivative of XANES curve for Cu/
G (Fig. 3d) presents a distinct peak closest to Cu2O, clearly confirming
the cuprous nature of Cu in Cu/G, in agreement with the XPS analysis.
Since the presence of crystallized cuprous species have already been
ruled out by TEM and XRD, Cu(I) should be ascribed to single-atom Cu,
whose oxidation state results from the partial electron transfer to its
coordinated atoms [57]. This transfer is confirmed by the calculated
charge density difference of a single Cu atom coordinated with N atoms
in graphene matrix shown in Fig. S3b. As shown in the Fourier trans-
formed EXAFS (Fig. 3e) without phase correction, the main peak of Cu/
G centers at 1.5 Å in the R space, which should correspond to the Cu-N
bond [24,58]. Meanwhile, neither obvious peaks assigned to the Cu-Cu
coordination at 2.2 Å as in the case of metallic Cu nor Cu-O at 1.4 Å in
Cu2O can be observed, demonstrating that the Cu atoms are atomically
dispersed, in accordance with the HAADF-STEM observation.

In order to further uncover the coordination environment of single-
atom Cu, the EXAFS spectroscopy measured with FLY (Fluorescence
Yield) mode is numerically fitted by the real space multiple scattering
program of FEFF9, [59] and the result is shown in Fig. 3f. It is revealed
that Cu in our Cu/G material is coordinated with 2 nitrogen atoms in
form of Cu(I)-N2 coordination. This local structure is different from
commonly reported Fe-N4 and Co-N4 coordination, [60] providing an
alternative site environment for chemical applications.

3.2. Dispersing mechanism of single Cu atom

Controlled experiments are carried out to clarify the confined self-
initiated dispersing process. Pyrolysis temperature is found to be a vital

Fig. 2. Microscopic characterization of Cu/G. (a) TEM image of Cu/G; (b) HRTEM image of a wrinkle and (inset) SEAD pattern of Cu/G; (c) STEM-EDS elemental
mappings of C, N and Cu; (d) spherical aberration corrected HAAFD-STEM image of Cu/G showing the presence of single atom Cu.
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factor. As suggested by thermogravimetric (TG) curve (Fig. 4a), the
mixture of DICY and GO gradually loses weight from 200 °C to 600 °C,
and experiences a sharp weight loss from 600 °C to 730 °C, which
should be attributed to the decomposition of DICY because of the si-
milar thermal behavior between the mixture and pure DICY (Fig. S4).

The products pyrolyzed at different temperatures (denoted as Cu/G-
T, where T represents temperature) are characterized by FTIR and XPS
to help understand the confined self-initiated dispersing process. In
FTIR spectra (Fig. 4b), a series of peaks assigned to the vibration of C-N
heterocycles at 1200 cm −1, 600 cm−1 and a characteristic peak in-
dexed to the triazine unit in C3N4 at 809 cm−1 are observed [61]. Since
the peak of triazine unit is only observed for Cu/G-600 but vanishes for
Cu/G-700, it can be confirmed that C3N4 is produced during the first
stage of pyrolysis below 600 °C and completely decomposes above
700 °C, consistent with the TG analysis (Fig. S4) and literature [62,63].
Notably, the signal of Cu is detected only for Cu/G-700 in the XPS
spectra (Fig. 4c), indicating that the introduction of Cu is closely related
to the decomposition of C3N4 in the second stage of pyrolysis. Further,
it is found that if pyrolyzing GO alone in Cu container, no Cu is detected

and by altering the mass ratio of DICY to GO (mDICY/mGO) in precursor,
an apparent positive correlation between Cu content and mDICY/mGO

can be observed (Fig. 4d). At the same time, when using a quartz alone
without Cu, much lower N fraction is observed in graphene (6.1 at.%
compared with 10.1 at.% for Cu/G), suggesting that there is an ap-
parent synergy between Cu and N.

The gaseous products in the thermal decomposition process of GO/
DICY are analyzed using thermal gravimetric-mass spectrometry (TG-
MS) as shown in Fig. S5 in Supporting Information. During the first
stage of pyrolysis from ~200 °C to ~600 °C, a series of peaks with
various mass-to-charge ratios (m/z) are detected. The signal of m/
z=17 assigned to NH3 marks the decomposition of DICY and its
polymerization to C3N4 [63–65]. In the second stage of weight loss
(> 600 °C), a dramatic rise of the signal at m/z=30 (assigned to
CH3NH2 or NH2NH2) can be clearly observed along with the decom-
position of C3N4 [62]. In the presence of Cu, however, the signal of m/
z=30 completely vanishes (Fig. 4a), indicating that these decom-
position products is related to the generation of Cu-containing gaseous
intermediates responsible for the confined self-initiated dispersing.

Fig. 3. Investigation on the detailed structure of Cu/G. (a) Raman spectra of p-G and Cu/G; (b) high-resolution XPS spectra of Cu 2p and (inset) Cu LMM Auger of
Cu/G; (c) normalized Cu K-edge XANES spectra, (d) first derivatives of XANES and (e) Fourier transform of EXAFS for Cu/G and references; (f) EXAFS R space fitting
curves of Cu/G and (inset) schematic illustration of best-fitted structure.
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According to the results of controlled experiment simulating the reac-
tion procedure (illustrated in Fig. S6) by feeding methylamine or hy-
drazine carried by Ar into the heated furnace with Cu foil and GO
placed sequentially, it is most likely that methylamine or hydrazine
detected by TG-MS are the products derived from highly active re-
actants (radicals or instable molecules), rather than the direct reactants
themselves, as the simulation experiments failed to introduce Cu into
graphene.

When detecting the Cu-containing intermediates using TG-MS con-
ducted on GO/DICY + Cu, however, no such chemicals were able to be
detected. The most reasonable explanation would be the high activity
and short life of Cu-containing intermediate, which may transfer into
more stable species during their way out of TG through an adapter with
much lower temperature (300 °C) to be detected by MS. These evi-
dences lead us to believe that the high loading of Cu is achieved via the
highly active and short-lived reactants Cu-containing intermediates,
which are in-situ generated from the reaction between Cu and the de-
composition products of C3N4 during high temperature pyrolysis. These
highly active intermediates can partially break the graphene structure
and disperse Cu on graphene, which is well evidenced by the higher
intensity ratio of D and G bands in Raman spectrum for Cu/G.

3.3. Electrocatalysis towards ORR

Single-atom metal dispersed on carbon as active sites have shown
promising activities towards a wide range of chemical and electro-
chemical reactions, including the oxygen reduction reaction (ORR),
[27,66,67] which is the limiting half-reaction for fuel cells and metal-
air batteries. At present, single-atom Fe dispersed on carbon are usually
investigated as the non-precious metal (NPM) ORR catalysts because of
their higher ORR activity. However, the nature of Fe species facilely
catalyzes the decomposition of H2O2, an unwanted but inevitable pro-
duct of ORR, into oxygen-containing radicals, which is known as the
Fenton reaction [68–70]. These highly active radicals can attack the
catalyst itself and other key materials in fuel cells or metal-air batteries,
leading to their substantial performance degradation [71]. Thus, the

exploration of other NPM ORR catalysts is of great interest in terms of
practical applications.

Since Cu is less active in Fenton reaction, and Cu-based centers in
biological system like cytochrome c oxidase and laccase can catalyze
ORR efficiently, [53] we assess the ORR activity of our Cu/G with high
loading level. To quantify the ORR activity, the polarization curves are
measured by the rotating disk electrode (RDE) approach. The Cu/G
samples as ORR catalyst are optimized at different pyrolysis tempera-
tures, and the Cu/G catalyst at 800 °C exhibits the highest ORR activity
(Fig. S7a). As shown in Fig. 5a, the onset potential, half-wave potential
and diffusion-limited current density of ORR on the optimized Cu/G are
comparable to those on benchmark Pt/C, and significantly higher than
pristine graphene (p-G) as well as N-doped graphene (N-G). The exact
half-wave potential and kinetic current density calculated using Kou-
tecky-Levich plots [35] (Fig. S8) are summarized in Fig. 5b. The Cu/G
exhibits even more positive half-wave potential and higher kinetic
current density at 0.85 V (0.847 V and 3.787mA cm−2

disk) than Pt/C
(0.837 V and 3.104mA cm−2

disk) at the comparable metal loadings (Pt/C:
20 μgPt cm−2 v.s. Cu/G: 21.6 μgCu cm−2). Moreover, the Tafel slope for
Cu/G (36mV dec−1) is smaller than that for Pt/C (70.7mV dec−1),
indicating more favored ORR kinetics on Cu/G as the overpotential
increases, as shown in Fig. S7b [72]. The superior ORR activity of Cu/G
should be attributed to the highly-loaded Cu single atoms, whose
electronic properties regulate the adsorption behavior of intermediates
during ORR [73–75].

DFT calculation is performed to explain the superior ORR perfor-
mance of Cu/G. To reference the ORR activity of single Cu atoms, Cu
(111) surface is also taken into account. The calculated free energy
diagrams of ORR based on four-electron pathway [76] on Cu/G and Cu
(111) are shown in Fig. 5c. With 0.94 V overpotential applied, all the
elementary steps on Cu/G become exothermic and the reduction of
oxygen molecules becomes spontaneous [77]. In contrast, an additional
overpotential of 175 mV is still necessary for the desorption of OH* on
Cu(111) due to the overstrong adsorption of intermediates as indicated
by the much more negative free energy. The result suggests that single
Cu atoms dispersed on graphene should exhibit higher ORR activity

Fig. 4. Investigation on the formation mechanism
of Cu/G via confined self-initiated dispersing
protocol. (a) TG-MS signals of GO/DICY and MS
signal of GO/DICY + Cu; (b) FTIR and (c) XPS
spectra for Cu/G pyrolyzed at different temperatures;
(d) atomic ratio of Cu in the resultant material as a
function of mass ratio of DICY to GO in precursor.

G. Han, et al. Nano Energy 66 (2019) 104088

6



than bulk Cu metal, highlighting the value of atomization of Cu for
enhanced ORR catalysis.

Rotating ring disk electrode (RRDE) test is also performed to look
into the details of the ORR mechanism. From the ORR and the hydrogen
peroxide oxidation currents recorded respectively on the disk and ring
electrodes (Fig. S9a), the electron transfer number is calculated to be
3.96 on Cu/G at 0.8 V (Fig. S9b), revealing a major four-electron ORR
mechanism. Our Cu/G with high loading level is one of the most effi-
cient ORR catalysts in terms of TOF (0.116 e site−1 s−1 @ 0.85 V) as
well as half-wave potential (Table S2), demonstrating that rational
design of high-density single-atom active sites alternative to Fe and Co
can also achieve rather high ORR activity.

The long-term stability of Cu/G is evaluated using accelerated
durability test (ADT) and chronoamperometry. After 10000 cycles of
ADTs between 0.6 V and 1.0 V in O2-saturated 0.1 mol L−1 KOH, the
ORR polarization curve of Cu/G shows only 10mV decline in half-wave
potential (Fig. 5d), much smaller than Pt/C (22mV decline as shown in
Fig. S10). By setting the electrode potential at 0.65 V, the ORR current
loss after 10 h of chronoamperometric test is< 7% for Cu/G, while>
25% for Pt/C (Fig. 5e). These results reveal the significantly better
long-term durability of Cu/G than Pt/C. Further, as shown in the inset
of Fig. 5e, unlike Pt/C [78], Cu/G shows an excellent tolerance towards
methanol during the chronoamperometric test, which is of significance
to catalyzing the oxygen reduction in some direct-type fuel cells.

The practical applicability of our Cu/G is evaluated in alkaline zinc-

air batteries. As demonstrated by polarization and power density curves
in Fig. 5f, the Cu/G based battery apparently outperforms the Pt/C-
based one even at the same catalyst loading of 0.4mg cm−2. It delivers
a peak power density of 95.3 mW cm−2, 1.44 time as high as Pt/C
(66.25 mW cm−2). This outstanding performance should be endowed
by the highly-dispersed Cu atoms, as well as the high electronic con-
ductivity and facile mass transport from the three-dimensional gra-
phene structure. Two Cu/G-based batteries in series can readily power a
red light-emitting diode (1.8 V) as illustrated in Fig. S11, further con-
firming the advantageous ORR performance of Cu/G in a real battery
system.

4. Conclusion

A unique confined self-initiated dispersing protocol is demonstrated
for the first time to be an effective method to fabricate high loading
single-atom Cu dispersed on graphene (Cu/G). This innovative in-situ
dispersing protocol generates highly active gaseous Cu-containing in-
termediates, which can essentially circumvent the massive agglomera-
tion of metal atoms in the conventional procedures, and facilitate the
dispersing of Cu on graphene. Consequently, the highest loading level
(5.4 wt%) of single-atom Cu dispersed on graphene matrix is achieved.
The resultant Cu/G with high loading level presents remarkable activity
towards oxygen reduction reaction, which even outperforms the com-
mercial Pt/C catalyst. Our work provides a new efficient strategy for the

Fig. 5. The performance of Cu/G as ORR catalyst.
(a) ORR polarization curves at 1600 rpm measured in
O2 saturated 0.1mol L−1 KOH; (b) half-wave poten-
tial and kinetic current density at 0.85 V of Pt/C, Cu/
G, N-G and p-G; (c) free energy diagrams of Cu/G
and Cu(111) with 0.94 V overpotential applied; (d)
ORR polarization curves of Cu/G before and after
ADTs; (e) 10-h normalized chronoamperometric
curves of Cu/G and Pt/C at 0.65 V and (inset) nor-
malized chronoamperometric curves with 5mL me-
thanol added at 200 s; (f) polarization curves (solid
lines) and power density curves (dashed lines) of Zn-
air batteries assembled using Cu/G and 20 wt% Pt/C
as cathode catalysts.
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fabrication of single-atom metals dispersed on graphene materials with
high loading levels. Meanwhile, our findings broaden the choice of non-
noble metal ORR catalysts and bring new insights into design of high-
density single-atom active sites in electrocatalysis.
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