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ABSTRACT: Single-atom catalysts (SACs) have attracted great attention due to their high atom-utilization and catalytic efficiency.
However, a universal synthetic route is still lacking, which restricts the SAC-related investigation and application. Here, we report a
simple and cost-effective method to fabricate transition metal SACs through ion exchange and annealing procedures. Benefiting from
the “egg-box” structure property of alginate, the metal ion can be effectively anchored into the organic center. Using CuCl2 as a
representative transition metal ion, the Cu SAC structure was synthesized and identified by aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy and X-ray absorption fine structure spectroscopy. Through optimizing CuCl2
concentration, the obtained Cu SAC exhibited a good oxygen reduction reaction activity, whose onset potential, half wave potential,
and limiting current density are all comparable to those of 20 wt % Pt/C. Cu−N4 was identified as the responsible catalytic site.
More importantly, other transition metal SACs can be easily synthesized via altering metallic solution, which proves the universality
of our proposed method. This work may be valuable for the cost-effective and universal SAC synthetic method development.
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■ INTRODUCTION

Fuel cells and metal−air batteries are clean, sustainable energy
conversion technologies with few carbon dioxide emissions.1,2

However, the slow rate of oxygen reduction reaction (ORR)
remains as one of the biggest challenges for the wide
implementation of these technologies. Platinum is the most
widely used ORR catalyst,3 while its limited reserve and high
cost emerge as a primary obstacle.4 Therefore, it is meaningful
to develop other cost-effective catalysts whose activity can be
comparable to platinum. For a long time, researchers expect to
synthesize the transition metal-based catalyst as a substitution
of noble metal platinum. To achieve a comparable catalytic
activity, different strategies such as material composite and
heteroatom doping have been adopted.5 Transition metal
deposited on the nitrogen-functionalized carbon substrate
generally exhibits a high catalytic activity.6 For instance, the
carbon-supported Fe−N coordination catalyst,7 N-doped
carbon nanotube-supported Co−Mn oxide,8 and polyaniline-
based catalyst doped with Fe and Co9 have been successfully
synthesized.

Despite a notable progress on the transition metal ORR
catalyst activity improvement being achieved, low-atom-
utilization efficiency and easy to agglomerate issues are
prevalent for nanomaterials.10 For both bulk catalysts and
nanomaterials, only surface atoms act as active sites, while the
internal atoms appear in limited contact with the electrolyte.11

In contrast, single-atom catalysts (SACs), which have excellent
atom-utilization efficiency, have been proposed to address the
abovementioned issues. When the single metal atom disperses
on the carbon matrix, it would exhibit extremely high catalytic
performance.12,13 There are numerous studies about the
preparation of SACs. However, physical methods, such as
atomic layer deposition14 and chemical vapor deposition,15
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face the disadvantages of low production, complex equipment,
and high cost.16 Traditional chemical approaches such as the
photochemical deposition method17 usually involve cumber-
some synthesis steps, including adsorption and further
reduction of metal precursors and stabilization on defect-rich
carriers. In comparison, the impregnation method requires less
in both equipment and energy supplies. Nevertheless, precise
pH and impregnation temperature control make this process a
cumbersome way.18

To boost both fundamental research and engineering
application of SACs, a green and facile synthetic strategy that
is effective and universal to a wide range of metals is still
warranted. Although the electrochemical deposition approach
was established to universally fabricate SACs,19 the as-prepared
catalysts were applied in water splitting reaction rather than
ORR. Very recently, a cation exchange strategy was proposed
to prepare diverse metal SACs.20 However, the CdS nano-
crystal precursor was required and the obtained catalyst was
used for hydroxylation of benzene. To date, a facile and
universal route for ORR SAC fabrication is still lacking.
To reduce the complex procedures of traditional wet

impregnation, we used sodium alginate, a naturally nontoxic
polysaccharide and rich in source, as the precursor, which
makes our impregnation method easy to implement. Alginate
contains a lot of “egg box” structures, which can accommodate
metal ions by coordinating with negatively charged α-L-
guluronate (G) blocks.21 Inspired by such structure character-
istics, we proposed to use the alginate hydrogel, which was
derived from the acid pickling of calcium alginate, as a
template precursor to anchor the metal single atom through
the ion exchange mechanism.22 By altering metal ions types,
different metal SACs can be possibly fabricated. This work may
be valuable for the cost-effective and universal SAC synthetic
method development.

■ EXPERIMENTAL SECTION
Materials and Reagents. Sodium alginate was purchased from

J&K Scientific Ltd. Calcium chloride anhydrous (CaCl2), potassium
hydroxide (KOH), copper chloride dihydrate (CuCl2·2H2O), ferric
chloride hexahydrate (FeCl3·6H2O), cobalt chloride hexahydrate
(CoCl2·6H2O), manganese chloride tetrahydrate (MnCl2·4H2O),
isopropanol ((CH3)2CHOH), and hydrochloric acid (HCl) were
obtained from Sinopharm Chemical Reagent Co. Ltd. Pt/C (20 wt
%) and Nafion solution (5 wt %) were purchased from Alfa Aesar. All
of the reagents were of analytical grade and used without further
purification.
SAC Synthetic Route. A simplified synthetic scheme (Scheme 1)

is shown as follows. First, the calcium alginate hydrogel (AG−Ca) was
prepared via dripping the sodium alginate solution (1 wt %) into 5 wt
% calcium chloride solution under stirring conditions. The AG−Ca
hydrogel was then washed with deionized water and filtered through a
200-mesh sieve. Subsequently, the as-prepared hydrogel (200 g) was
immersed in HCl solution (1 M, 300 mL) and sonicated for 1 h at
ambient temperature to dissociate Ca2+. After this procedure, the Ca2+

in the AG−Ca hydrogel was replaced by H+ and the formed product
was named AG−H. The AG−H was immersed in 200 mL of CuCl2
solution (0.05, 0.1, and 0.2 M) and stirred for at least 24 h to ensure
the exchange equilibrium between the metal ions and hydrogen ions.
After immersion, copper ions have entered into the “egg box” of
alginate, and the hydrogels were named AG−Cu-0.05, AG−Cu-0.1,
and AG−Cu-0.2, respectively. The metal-anchored carbon precursor
was obtained via drying the abovementioned hydrogels at 105 °C for
48 h. To prepare metal SACs, 5 g of the precursor was carbonized at
900 °C (5 °C/min heating rate) for 6 h under a 10% NH3
atmosphere. Afterward, the carbonized product was washed with 1
M HCl three times and rinsed with deionized water until the liquid is
neutral. The final catalysts were acquired via drying the above-
mentioned prepared products in a vacuum oven at 70 °C for 5 h. The
obtained catalysts were denoted as 0.05Cu-SAC/N, 0.1Cu-SAC/N,
and 0.2Cu-SAC/N. Additional catalysts without Cu exchange (i.e.,
AG−N) or without N doping (i.e., 0.1Cu-SAC) were also fabricated.
Fe-, Co-, and Mn- SACs were prepared via changing CuCl2·2H2O
with FeCl3·6H2O, CoCl2·6H2O, and MnCl2·4H2O, respectively.

ORR Activity Test. The electrochemical activity of catalysts was
tested by the CHI 760E workstation under the three-electrode setup.
The rotating ring disk electrode (RRDE), platinum, and Ag/AgCl
were, respectively, used as working, counter, and reference electrodes.
Before the electrochemical test, the ink was prepared by suspending 5
mg of the catalyst into a 0.5 mL mixture containing 75% isopropanol
and 10 μL of Nafion solution. After sonicating for 20 min to make
sure the ink was homogeneous, 10 μL of the ink was dripped onto the
RRDE surface and dried under room temperature. All potentials
reported in this study are converted to reversible hydrogen electrodes
(RHE), that is, E(RHE) = E(Ag/AgCl) + 0.059 × pH + 0.197 V.

The ORR activity tests were performed with a stable rotational
speed (1600 rpm) and O2-saturated 0.1 M KOH electrolyte. The
cyclic voltammetry (CV) curve was obtained via setting the potential
window from 0.164 to 1.064 V at 0.1 V/s sweep rate. The linear
sweep voltammogram (LSV) curve was obtained via setting the same
potential window while at 5 mV/s rate. Through setting 1.2 V
potential on the ring electrode, the electron transfer number (n) could
be estimated according to the following equation23

= ×
+

n
i

i
4 i

N

d

d
r

(1)

where ir and id are ring current and disk current, respectively, and N is
the ring current collection efficiency (∼37%). For the stability and
reusability test, we collected the LSV curves before and after 3000
cycles of the CV test. The sweep rate of the CV test was 0.15 V/s, and
the potential window was from 0.364 to 0.964 V. Also, the methanol
tolerance experiment was conducted under a constant potential of
0.364 V condition.

Catalyst Structure Characterizations. The crystal structure of
the samples was analyzed using a SmartLab 3kW X-ray diffractometer.
The morphology and microstructure were observed by Quanta 400
FEG scanning electron microscopy (SEM). Raman spectra were
measured using a Renishaw RM2000. The pore size and surface area
were analyzed using a Mike 2020 automatic Brunauer−Emmett−
Teller (BET) and porosity analyzer. Thermos-gravimetric analysis and
difference thermogravimetry were conducted using a Mettler Toledo
TGA/DSC3+ (under N2 flow) at an increasing rate of 5 °C per

Scheme 1. Synthetic Route of Transition Metal Single-Atom Catalysts
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minute. Thermo ESCALAB 250Xi was used to perform X-ray
photoelectron spectroscopy. The organic element content was
measured using an Elementar Vario EL (Germany). The contents
of Ca and Cu were tested using an Agilent ICP−OES 720. The single-
atom morphology of metal in the materials was characterized by
aberration-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM). The X-ray absorption
spectra were tested by Shanghai Synchrotron Radiation Facility.

■ RESULTS AND DISCUSSION
Catalyst Structure. To evaluate the feasibility of our

proposed route, Cu2+ was selected as a representative metal ion
to prepare Cu-SAC. A series of materials were prepared, and
their morphologies were examined first. Thermogravimetric
analysis (TGA) analysis (Figure S1) shows that the yield of the
catalyst is about 11%, and the weight of the carbonized product
tends to remain unchanged after 900 °C, indicating that the
material has a good thermal stability. The SEM image of
alginate hydrogel-derived carbon (named AG−N) exhibits a
tubular structure (Figure 1a), which was caused by the cross-
linking of the calcium ion and alginate.24 After acid pickling
and ion exchange with Cu2+, the residue Ca2+ in the gel
reduced to 0.4 wt % (Table S1). Increasing Cu amount would
lead to the structure collapse and result in a wrinkle and
defective surface (Figure 1b−d), which may provide more sites

for oxygen adsorption. Organic element analysis (Table S2)
shows that N has been successfully doped into the catalyst
through changing the annealing atmosphere from N2 to NH3.
Among these catalysts, 0.1Cu-SAC/N shows the highest
nitrogen content (5.25 ± 0.06%). CuCl2 can etch the carbon
material and then convert it into porous carbon through redox
reaction and maintain a high heteroatom content as well.25

Herein, increasing copper concentration was beneficial for
maintaining a high N content. However, when the copper
content is too high, its strong corrosivity would break the
carbon skeleton during the pyrolysis process, which may
inhibit the N atom doping. The abovementioned result
indicates that the concentration of copper chloride plays an
important role in nitrogen doping.
BET and pore size analysis proved that the ammonia

atmosphere and CuCl2 immersion were both beneficial for
porous development (Figure 2). The BET surface of AG−N
was only 404 m2·g−1 (Table S3). Immersing in 0.1 M CuCl2
would greatly improve the BET surface area to 1551 m2·g−1,
which was consistent with the SEM images. The X-ray
diffraction (XRD) patterns (Figure 3a) show that carbon with
a low crystallization degree is the main phase in all catalysts,
while the copper-related structure was not observed, which
implies that the copper may disperse at the atomic scale. The

Figure 1. SEM images of (a) AG−N, (b) 0.05Cu-SAC/N, (c) 0.1Cu-SAC/N, and (d) 0.2Cu-SAC/N.

Figure 2. (a) Nitrogen adsorption−desorption isotherms and (b) pore size distribution of the as-prepared catalysts.
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Raman spectra show two carbon characteristic peaks at about
1360 cm−1 (D-band) and 1590 cm−1 (G-band), which could
provide information about the disorder and crystallinity of
carbon materials.26 The ID/IG value is an index of the defect
degree of the carbon material. The Raman shift (Figure 3b)
shows that impregnating with different concentrations of
copper would result in the change in ID/IG value. There is a
trend for the ID/IG value of increasing first and then falling
among copper-doped catalysts, from 0.90 (AG−N) and 0.93
(0.05 Cu-SAC/N) to 0.98 (0.1Cu-SAC/N) and finally to 0.91
(0.2Cu-SAC/N). The high ID/IG value of the carbonated
product can be possibly attributed to the condensation process,
in which small organic molecules are transformed into
conjugated aromatic rings and a large number of defect
edges are formed along the carbon boundary.27 The formation
of defects is attributed to the insertion of heteroatoms into the
sp2 carbon skeleton, which is also considered to be the reason
for the enhanced catalytic activity.28 The Cu 2p X-ray
photoelectron spectroscopy (XPS) spectrum of 0.1Cu-SAC/
N (Figure 3c) shows two peaks at 932.4 eV (Cu0)29 and 934.4
eV. The peak at 934.4 eV is located between 932.4 eV (Cu0)
and 934.6 eV (Cu2+), indicating that the valence of Cuδ+ (0 < δ
< 2) existed.30 The N 1s XPS spectra show that pyridinic-N
(398.5 eV), pyrrolic-N (399.8 eV), and graphitic-N (400.9 eV)
are the primary N species31 within the catalyst (Figure 3d−f).
The 0.1Cu-SAC/N shows the highest pyridinic-N and
pyrrolic-N while the lowest graphitic-N content (Table S4).
To affirm the single-atom dispersion structure, HAADF-

STEM images of 0.1Cu-SAC/N were collected (Figure 4a).
For HAADF-STEM images, the brightness of the elements is
proportional to the square of the relative atomic mass of the
elements. By the light intensity of the image, we can distinguish
between metal atoms and other atoms with smaller relative
atomic mass. As shown in Figure 4a, several bright spots

marked with yellow dotted circles can be found within the
catalyst, indicating that single-Cu atoms have been dispersed
across the carbon substrate successfully.
In order to further explore the catalyst structure at the

atomic level, the X-ray adsorption near-edge structure
(XANES) and extended X-ray adsorption fine structure
(EXAFS) analyses were performed. The Cu K-edge XANES
profiles in Figure 4b indicate that the oxidation valence state of

Figure 3. (a) XRD patterns, (b) Raman spectra of the as-prepared catalysts, (c) Cu 2p spectra of 0.1Cu-SAC/N, and (d−f) N 1s spectra of
0.05Cu-SAC/N, 0.1Cu-SAC/N, and 0.2Cu-SAC/N.

Figure 4. Characterization of the Cu single-atom structure. (a)
HAADF-STEM image of 0.1Cu-SAC/N, where the dashed circles
indicate typical Cu single atoms. (b) Cu K-edge XANES spectra of
0.1Cu-SAC/N, Cu foil, and CuO. (c) Fourier transform of the
EXAFS spectra of 0.1Cu-SAC/N, inset: K space fitting curve. (d)
Proposed Cu−N4 structure model.
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the isolated single Cu atoms in the sample is between Cu0 and
Cu2+. Fourier-transform (FT) is a widely adopted information
extraction method from EXAFS spectra. As shown in Figure
4c, a typical FT peak located at around 1.47 Å was observed.
The scattering peak derived from Cu−Cu coordination was
not observed (2.24 Å), in comparison with copper foil (Figure
S2). The abovementioned results clearly illustrated that the
metal copper was atomically dispersed within the carbon
matrix. The local atomic structure around Cu fitting matches
well with the Cu−N4 model (Figure 4d).
Electrochemical Activity of the Prepared Single-

Atom-Dispersed Catalyst. The ORR properties of all
prepared catalysts were tested with a typical three-electrode
setup in 0.1 M KOH. In the CV test of 0.1Cu-SAC/N (Figure
5a), a leap point at about 0.88 V (vs RHE, hereafter the same)
was observed under the saturated O2 condition, while no leap
point was found in the presence of N2 exposure. The
abovementioned results clearly demonstrated the occurrence
of ORR in the system. Importantly, the onset (at ∼−0.5 mA·
cm−2) and half-wave potentials of 0.1Cu-SAC/N were 0.90
and 0.80 V, respectively (Figure 5b and Table S5), which was
lower by 30 mV compared to commercial 20 wt % Pt/C (0.93
and 0.83 V, respectively). The limiting current density of
0.1Cu-SAC/N (5.05 mA cm−2) was close to Pt/C (5.10 mA
cm−2). In comparison, AG−Cu−N2-0.1 exhibited the poorest
electrochemical performance, which validated the importance
of nitrogen doping. Catalysts prepared under other copper
amount conditions showed a poorer electrocatalytic activity
(Table S5), which is consistent with the result of Raman shift,
indicating the positive effect of the defect structure on catalytic
activity.
In alkaline solution, the ORR may follow the two-electron

with peroxide as the intermediate product or a four-electron
pathway directly to water. The electron transfer number per

oxygen (n) and peroxide yield can be used as an index to
elucidate the electron transfer kinetics and the pathway of
ORR. We used RRDE as the working electrode to test the
shifted electrons of the catalytic reaction in the system. Figure
5c shows that both of Pt/C and 0.1Cu-SAC/N exhibited a low
ring current density. The estimated transfer electron numbers
of 0.1Cu-SAC/N at the potentials ranging from 0.6 to 0.9 V
were comparable to that of Pt/C (Figure 5d), which implies
the high selectivity of the four-electron pathway.
We collected the LSV curves before and after 3000 cycles of

the CV test (Figure 5e and Table S6) to further test the
stability of materials. The onset potential, half wave potential,
and limited current density of Pt/C after 3000 cycles of the CV
test were reduced by 50 mV, 30 mV, and 0.41 mA·cm−2,
respectively. As a comparison, the onset potential, half wave
potential, and limited current density of 0.1Cu-SAC/N were
only reduced by 0 mV, 10 mV, 0.47 mA·cm−2, respectively.
Although the current density of 0.1Cu-SAC/N dropped a bit,
it is still over 90% percent of the initial value. In practical
application, Pt/C would be poisoned by methanol,32 resulting
in lower catalytic activity. Therefore, the ability to resist
methanol is also necessary for ORR catalysts. Once the
methanol was added into the electrolyte, the relative current
density of Pt/C dropped sharply from 100% to about 40%
(Figure 5f). However, the relatively current density of 0.1Cu-
SAC/N kept stable with slight fluctuation, which means that
0.1Cu-SAC/N has an excellent ability to resist methanol.

Further Testing for the Universality of the Method. In
order to verify the universality of our proposed SAC
fabrication route, other metals rather than copper were
employed to impregnate the alginate hydrogel and carbonized
under the same condition. These materials were characterized
by XRD tests and HAADF-STEM. As shown in Figure S3, only
carbon-related signals were observed from the XRD patterns of

Figure 5. Electrochemical ORR activity test. (a) CV tests of 0.1Cu-SAC/N with the O2- or N2-saturated 0.1 M KOH electrolyte. (b) LSV curves of
Pt/C and the as-prepared catalysts. (c) Ring and disk current density of Pt/C and 0.1Cu-SAC/N. (d) Electron transfer number (n) of Pt/C and
0.1Cu-SAC/N at 0.6, 0.7, 0.8, and 0.9 V. (e) LSV curves of Pt/C and 0.1Cu-SAC/N before and after 3000 CV cycles under the oxygen-saturated
electrolyte at a scan rate of 5 mV s−1. (f) Current density−time (I−T) curves of Pt/C and 0.1Cu-SAC/N during the methanol tolerant test: the
applied potential was 0.514 V (vs RHE), dosed methanol was 0.5 M, j is real-time current density, and j0 is the initial current density.
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the as-prepared catalysts, implying the potential atomic
dispersion of materials. Additionally, the bright spots in the
yellow dashed frame in HAADF-STEM images (Figure 6)
indicate that iron, cobalt, and manganese are all loaded on
carbon materials in a single-atom form. The ORR tests further
revealed that Fe-, Co-, and Mn-SAC/N all show an
electrochemical activity (Figure S4). Among them, Mn-SAC/
N exhibits the highest limiting current density (5.76 mA·
cm−2), which is better than Pt/C. The abovementioned results
clearly demonstrated the universality and effectiveness of our
proposed synthetic method.

■ CONCLUSIONS

In this study, a simple transition metal SAC preparation route
was proposed. Through using the alginate hydrogel as an
organic precursor, the metal ion could be effectively anchored
via the ion exchange mechanism. By annealing the above-
mentioned precursor under an ammonium atmosphere, metal
SACs were successfully fabricated. Multiple characterization
tools affirmed the single-atom dispersion property, and the
obtained catalyst had a comparable ORR catalytic activity to
that of commercial 20% Pt/C. Other transition metal SACs
can be easily synthesized via altering metallic solution, which
proves the universality of our proposed method. This work
may shed light on the platform synthetic system development,
which is valuable for the SAC-related investigation and
application.−
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