
 
 

 

 
 

Single copper sites dispersed on defective TiO2-xas a synergistic oxygen reduction reaction
catalyst

Li, Minchan; Qin, Ning; Ji, Zongwei; Gan, Qingmeng; Wang, Zhenyu; Li, Yingzhi; Cao, Lujie;
Yuan, Huimin; He, Dongsheng; Chen, Zhenhua; Luo, Guangfu; Zhang, Kaili; Lu, Zhouguang

Published in:
Journal of Chemical Physics

Published: 21/01/2021

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1063/5.0030559

Publication details:
Li, M., Qin, N., Ji, Z., Gan, Q., Wang, Z., Li, Y., Cao, L., Yuan, H., He, D., Chen, Z., Luo, G., Zhang, K., & Lu, Z.
(2021). Single copper sites dispersed on defective TiO2-xas a synergistic oxygen reduction reaction catalyst.
Journal of Chemical Physics, 154(3), [034705]. https://doi.org/10.1063/5.0030559

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/single-copper-sites-dispersed-on-defective-tio2xas-a-synergistic-oxygen-reduction-reaction-catalyst(38ed5feb-b943-4385-9218-68cc0e873ee7).html
https://doi.org/10.1063/5.0030559
https://scholars.cityu.edu.hk/en/persons/ning-qin(bd13b4ff-2993-4475-96f2-f4335be13a13).html
https://scholars.cityu.edu.hk/en/persons/kaili-zhang(1ddf6306-d15a-4fe9-bfd3-e55052354da8).html
https://scholars.cityu.edu.hk/en/publications/single-copper-sites-dispersed-on-defective-tio2xas-a-synergistic-oxygen-reduction-reaction-catalyst(38ed5feb-b943-4385-9218-68cc0e873ee7).html
https://scholars.cityu.edu.hk/en/publications/single-copper-sites-dispersed-on-defective-tio2xas-a-synergistic-oxygen-reduction-reaction-catalyst(38ed5feb-b943-4385-9218-68cc0e873ee7).html
https://scholars.cityu.edu.hk/en/publications/single-copper-sites-dispersed-on-defective-tio2xas-a-synergistic-oxygen-reduction-reaction-catalyst(38ed5feb-b943-4385-9218-68cc0e873ee7).html
https://scholars.cityu.edu.hk/en/journals/journal-of-chemical-physics(a9f23a74-4651-49fe-8eee-b4e95b405025)/publications.html
https://doi.org/10.1063/5.0030559


J. Chem. Phys. 154, 034705 (2021); https://doi.org/10.1063/5.0030559 154, 034705

© 2021 Author(s).

Single copper sites dispersed on defective
TiO2−x as a synergistic oxygen reduction
reaction catalyst
Cite as: J. Chem. Phys. 154, 034705 (2021); https://doi.org/10.1063/5.0030559
Submitted: 27 September 2020 • Accepted: 09 December 2020 • Published Online: 19 January 2021

Minchan Li, Ning Qin, Zongwei Ji, et al.

COLLECTIONS

Paper published as part of the special topic on Heterogeneous Single-Atom Catalysis

ARTICLES YOU MAY BE INTERESTED IN

A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu
The Journal of Chemical Physics 132, 154104 (2010); https://doi.org/10.1063/1.3382344

A climbing image nudged elastic band method for finding saddle points and minimum
energy paths
The Journal of Chemical Physics 113, 9901 (2000); https://doi.org/10.1063/1.1329672

Highly efficient Co single-atom catalyst for epoxidation of plant oils
The Journal of Chemical Physics 154, 131103 (2021); https://doi.org/10.1063/5.0046166

https://images.scitation.org/redirect.spark?MID=176720&plid=1817977&setID=533015&channelID=0&CID=668198&banID=520703476&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6a06a51a28cd72ad43dfa364682722e3de2b7626&location=
https://doi.org/10.1063/5.0030559
https://doi.org/10.1063/5.0030559
https://aip.scitation.org/author/Li%2C+Minchan
https://aip.scitation.org/author/Qin%2C+Ning
https://aip.scitation.org/author/Ji%2C+Zongwei
/topic/special-collections/hetcat2020?SeriesKey=jcp
https://doi.org/10.1063/5.0030559
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0030559
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0030559&domain=aip.scitation.org&date_stamp=2021-01-19
https://aip.scitation.org/doi/10.1063/1.3382344
https://aip.scitation.org/doi/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://aip.scitation.org/doi/10.1063/1.1329672
https://aip.scitation.org/doi/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://aip.scitation.org/doi/10.1063/5.0046166
https://doi.org/10.1063/5.0046166


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Single copper sites dispersed on defective
TiO2−x as a synergistic oxygen reduction
reaction catalyst

Cite as: J. Chem. Phys. 154, 034705 (2021); doi: 10.1063/5.0030559
Submitted: 27 September 2020 • Accepted: 9 December 2020 •
Published Online: 19 January 2021

Minchan Li,1 Ning Qin,1,2 Zongwei Ji,1,3 Qingmeng Gan,1 Zhenyu Wang,1 Yingzhi Li,1 Lujie Cao,1
Huimin Yuan,1 Dongsheng He,4 Zhenhua Chen,5 Guangfu Luo,1,3,a) Kaili Zhang,2,a)
and Zhouguang Lu1,a)

AFFILIATIONS
1Department of Materials Science and Engineering, Guangdong-Hong Kong-Macao Joint Laboratory
for Photonic-Thermal-Electrical Energy Materials and Devices, Southern University of Science and Technology,
Shenzhen 518055, China

2Department of Mechanical Engineering, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong, China
3Guangdong Provincial Key Laboratory of Computational Science and Material Design, Southern University of Science
and Technology, Shenzhen 518055, China

4Materials Characterization and Preparation Center, Southern University of Science and Technology, Shenzhen,
Guangdong 518055, China

5Shanghai Synchrotron Radiation Facility (SSRF), Shanghai Advanced Research Institute, Chinese Academy of Sciences,
Shanghai 201800, China

Note: This paper is part of the JCP Special Topic on Heterogeneous Single-Atom Catalysis.
a)Authors to whom correspondence should be addressed: luogf@sustech.edu.cn; kaizhang@cityu.edu.hk;
and luzg@sustech.edu.cn

ABSTRACT
Catalysts containing isolated single atoms have attracted much interest due to their good catalytic behavior, bridging the gap between homoge-
neous and heterogeneous catalysts. Here, we report an efficient oxygen reduction reaction (ORR) catalyst that consists of atomically dispersed
single copper sites confined by defective mixed-phased TiO2−x. This synergistic catalyst was produced by introducing Cu2+ to a metal organic
framework (MOF) using the Mannich reaction, occurring between the carbonyl group in Cu(acac)2 and the amino group on the skeleton
of the MOF. The embedding of single copper atoms was confirmed by atomic-resolution high-angle annular dark-field scanning transmis-
sion electron microscopy and x-ray absorption fine structure spectroscopy. Electronic structure modulation of the single copper sites coupling
with oxygen vacancies was further established by electron paramagnetic resonance spectroscopy and first-principles calculations. Significantly
enhanced ORR activity and stability were achieved on this special Cu single site. The promising application of this novel electrocatalyst was
demonstrated in a prototype Zn–air battery. This strategy of the stabilization of single-atom active sites by optimization of the atomic and
electronic structure on a mixed matrix support sheds light on the development of highly efficient electrocatalysts.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0030559., s

I. INTRODUCTION

Electrocatalysts play a key role in fuel cells and metal–air bat-
teries, whose output energy capacity is mainly determined by the

cathodic oxygen reduction reaction (ORR).1,2 Single-atom catalysts
with atomically distributed active metal centers have been shown
to have maximum atom utilization efficiency, and high activ-
ity and selectivity, because of the unique electronic properties of
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single active sites. Therefore, they are expected to have great poten-
tial for achieving a satisfactory performance of the ORR.3–5 The
single atoms are always highly dispersed on the supports, constitut-
ing the active sites with neighboring or other functional species.6,7

Strong interactions with the supports can modulate the electronic
structure and stabilize the isolated single sites. This can improve
the catalytic performance and provide a good combination of high
activity and long-term stability.8 However, the construction of stable
single-atom catalysts is still a great challenge due to the high sur-
face energy of atomic sites that are extremely mobile and prone to
accumulation.

Recently, it has been proved9–11 that the defects on reducible
oxide supports help anchor atomically dispersed metal atoms.12,13

Theoretical studies have further confirmed that surface defects,
including interstitials, oxygen vacancies, and functional groups,
could also serve as active species, leading to the modification of
the electronic and geometric structures simultaneously.14 There-
fore, tuning the interaction with the support by optimization of
the atomic and electronic structures on its surface is a prospective
strategy for developing efficient single-atom catalysts. Metal oxides,
as ideal supports, show great potential in the design of catalysts.
Structures with enriched surface defects are particularly good candi-
dates for anchoring single-atom sites.6,15,16 Titanium oxide, due to its
chemical stability, low cost, abundance, and nontoxicity, has widely

been investigated for the applications of energy storage and con-
version, catalytic synthesis, and degradation of contaminants.17–19

Recently, many investigations have concentrated on mixed-phase
TiO2 due to its higher activity compared to either single phase.20–22

Hurum et al. demonstrated that the transition points between the
two phases allow for rapid electron transfer from rutile to anatase,
and the structural arrangement of similarly sized TiO2 crystallites
creates catalytic “hot spots” at the rutile–anatase interface.21 On the
other hand, inspired by cytochrome c oxidase and laccase, whose
active sites contain similar metal clusters of assembled Cu2+ com-
plexes, it is predicted that Cu2+ would be an ideal catalytic site if the
energy level of the d-electrons was tuned appropriately.23–26 Cop-
per, as a non-noble metal, can be regarded as an alternative material
to replace Pt-based catalysts due to its inexpensiveness and remark-
able conductivity. It has been reported that copper-based materi-
als have exhibited markedly enhanced catalytic activities due to the
strong synergy between Cu and its surroundings at the interface.26,27

A high performance Cu nanocomposite has also been produced
from graphene oxide (GO) and Cu(Phen)2 and acts as an effective
ORR electrocatalyst by tuning the effects of electron donation from
neighbors.28

Herein, we report a recent development in the processing
of a single-atom catalyst consisting of isolated copper atoms that
anchor on a nanocomposite matrix of defective mixed-phase TiO2

FIG. 1. (a) Schematic illustration of the formation mechanism of single copper sites on defective TiO2−x dispersed on N-doped conductive porous carbon (SAs–Cu–TiO2/CN).
(b) TEM and (c) the corresponding mapping reveal the homogeneous distribution of the individual elements. (d) HRTEM images of SAs–Cu–TiO2/CN and (e) HAADF-STEM
images of SAs–Cu–TiO2/CN. The single Cu atoms are marked with red circles.
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well embedded on a conductive porous N-doped carbon substrate
by employing metal–organic frameworks (MOFs) as precursors
[Fig. 1(a)]. First, Cu(acac)2 binds to uncoordinated –NH2 located
at the terephthalic acid linkers in NH2–MIL-125(Ti) through the
Mannich reaction. After carbonization at high temperature, the
single-atom dispersed copper sites are successfully formed. This is
a benefit of the strong bonding energy of the configuration and
the porous structure of the MOFs, which provide voids to anchor
individual metal atoms and avoid aggregation. Benefiting from the
abundant deficient sites in the mixed-phase TiO2, the electronic
configuration of the atomically dispersed Cu can be modulated
by the interfacial defects of the reduced TiO2−x. Impressive ORR
performance of the resultant synergistic catalyst is obtained.

II. RESULTS AND DISCUSSION
A. Materials characterization and analysis

NH2–MIL-125(Ti) is an amine-functionalized form of MIL-
125(Ti) or Ti8O8(OH)4–(O2C–C6H4–CO2)6, which is built from
cyclic octamers constructed from corner- or edge-sharing octahe-
dral titanium units connected to oxygen atoms. Each octamer is
connected to 12 other cyclic octamers through benzenedicarboxylic
(BDC) linkers, resulting in a porous 3D quasi-cubic tetragonal struc-
ture.29,30 Copper-grafted NH2–MIL-125(Ti) was then prepared by
post-functionalization of NH2–MIL-125(Ti) with copper acetylace-
tonate. As can be seen from the powder XRD patterns (Fig. S1)
and the morphology characterization (Fig. S3), the functionalized
NH2–MIL-125(Ti) with Cu2+ exhibits the pure phase of the pris-
tine MOF and retains the precursor structure. This clearly shows
that the framework integrity of the parent template is well preserved
during the post-functionalization. The principal changes in the
FT-IR peak intensities and positions (Fig. S4) can be assigned to the
amine moiety.31,32 After pyrolysis of the copper-grafted NH2–MIL-
125(Ti) at 700 ○C under N2, NH2–MIL-125(Ti) was transformed
into mixed-phase TiO2 nanoparticles of anatase and rutile, coated
by highly porous N-doped carbon. Meanwhile, the amino-grafted
Cu(acac)2 was reduced by carbonization of the organic linkers, ulti-
mately forming isolated single copper atoms (1.1 wt. % Cu loading
according to ICP-MS) dispersed on the mixed-phase TiO2 nanopar-
ticles (SAs–Cu–TiO2/CN). For the sake of comparison, we also pre-
pared Cu/TiO2/C using MIL-125(Ti) and Cu(acac)2 under the same
conditions. Because of the absence of –NH2 in the MIL-125(Ti),
the Cu2+ could not be fixed strongly and dispersed uniformly as
in SAs–Cu–TiO2/CN. This led to the accumulation of Cu parti-
cles (Fig. S8). This further confirms that –NH2 plays an important
role in the effective stabilization of dispersed single copper sites
on TiO2.

Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) images [Figs. 1(b), S3, and S5] reveal that
the as-prepared SAs–Cu–TiO2/CN composites maintained the size
and shape of the MOF precursors. The high-resolution transmis-
sion electron microscopy (HRTEM) image in Fig. 1(d) further indi-
cates that the mixed-phase TiO2 nanoparticles are composed of
anatase and rutile, and are ∼5 nm in size, surrounded by a con-
ductive N-doped carbon matrix. The mapping images show that
Cu, Ti, N, O, and C were distributed uniformly over the entire

architecture [Fig. 1(c)]. In addition, single Cu atoms were observed
by atomic-resolution high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and are identified
by isolated bright dots marked with red circles in Fig. 1(e). It is clear
that most single Cu atoms were dispersed along the grain boundaries
of the mixed-phase TiO2. This is potentially related to the strong
interactions with the defects between the two phases. Analysis of
Brunauer–Emmett–Teller (BET) adsorption–desorption isotherms
(Figs. S2 and S6) shows that the SAs–Cu–TiO2/CN retained the high
surface area (375.21 m2 g−1) and porous structure of the precursor.
This is favorable for a catalyst applied in metal–air batteries and fuel
cells.33

The XRD patterns in Fig. 2(a) show no characteristic peaks of
Cu crystals for SAs–Cu–TiO2/CN, demonstrating the poor crystal-
lization of the Cu species. A broad peak at 20○–25○ can be assigned
to the carbon, which is consistent with the observation from Raman
experiments (Fig. S7). Distinct titanium oxide peaks of rutile and
anatase can be also identified. The chemical composition and ele-
mental state of SAs–Cu–TiO2/CN were investigated by x-ray pho-
toelectron spectroscopy (XPS), as shown in Figs. 2(b)–2(f). The C 1s
spectrum of the product showed a major peak at 284.6 eV, which can
be assigned to external graphitic-like sp2 carbon, and involves tran-
sitions to the conduction π-band (1s→ π∗). The C 1s spectrum also
showed a peak at 285.5 eV, assigned to the sp2 carbon atoms bonded
to nitrogen, and peaks at 282.8 eV and 286.9 eV, attributed to the
C–Ti and C–O bonds, respectively. The N 1s spectrum revealed
the coexistence of pyridinic N (398.6 eV), pyrrolic N (400.1 eV),
and N–Ti bonds at 397.0 eV with percentages of 30.98%, 16.64%,
and 52.38%, respectively.34–36 The intense O1s peak at 530.7 eV can
be assigned to the O2− anions of the O–Ti bond, and the weaker
peak at 532.1 eV corresponds to O species near the oxygen vacancy,
indicating that a considerable number of oxygen vacancies (VO)
exist in the SAs–Cu–TiO2/CN.37 In the Ti 2p high-resolution spec-
trum, there are six peaks corresponding to three chemical states of
Ti: Ti4+/TiO2 (Ti 2p3/2, 458.6 eV; Ti 2p1/2, 464.3 eV), Ti3+/TiN
(Ti 2p1/2, 462.6 eV), Ti3+/Ti2O3 (Ti 2p3/2, 456.4 eV), and Ti2+/TiC
(Ti 2p3/2, 455.2 eV; Ti 2p1/2, 461.3 eV).38–40 Owing to the Ti
hybridized with N, C, and O in the electrode, a continuous energy
band with predominant reduced Ti (Ti2+, Ti3+) valence arose in the
SAs–Cu–TiO2/CN and plays an important role in enhancing the car-
rier conductivity and active site performance.14,20–22 The two peaks
at 955.0 eV and 935.0 eV can be assigned to Cu2+, and meanwhile,
the peaks at 952.5 eV and 932.55 eV can be attributed to Cu+ in the
high-resolution Cu 2p spectrum, respectively.41

B. Electronic state of Cu atoms and O vacancies
in SAs–Cu–TiO2/CN

X-ray absorption fine spectroscopy (XAFS) was used to further
investigate the local atomic environment of the single-atom Cu sites
and the defect structure in the mixed-phase TiO2. To determine the
average oxidation state of the Cu, the Cu K-edge absorption near-
edge structure (XANES) spectra of the SAs–Cu–TiO2/CN, Cu foil,
Cu2O, and CuO were compared [Fig. 3(a)]. Notably, the near-edge
absorption energy of the SAs–Cu–TiO2/CN was between that of the
Cu2O and the CuO, indicating that the oxidation valence state of
the Cu atoms was between 1+ and 2+, revealing their typical elec-
tronic structure to be Cuδ+ (1 < δ < 2). This agrees well with the XPS
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FIG. 2. (a) XRD patterns of SAs–Cu–TiO2/CN and TiO2/CN and XPS pattern of SAs–Cu–TiO2/CN (b) C 1s, (c) N 1s, (d) O 1s, (e) Ti 2p, and (f) Cu 2p.

results [Fig. 2(f)] and is also shown by the XANES spectra of the
Cu L-edge in Fig. S9 in which the centroid shifts negatively to lower
energy than CuO and positively to higher energy than Cu2O, sug-
gesting modulated oxidation of Cu in the SAs–Cu–TiO2/CN.9,41,42

Figure 3(b) shows the Fourier transform of the phase-uncorrected
x-ray absorption fine structure (EXAFS) spectra. A dominant Cu–O
coordination at 1.5 Å is detected, exhibiting scattering interac-
tion between Cu atoms and O atoms. Additionally, no obvious
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FIG. 3. (a) Cu K-edge XANES spectra. (b) k3-weighted Fourier transformed EXAFS spectra and (c) the corresponding EXAFS fitting curves in R space of SAs–Cu–TiO2/CN,
Cu2O, CuO, and Cu foil. Wavelet transform (WT) of (d) Cu foil and (e) SAs–Cu–TiO2/CN. (f) Ti K-edge XANES spectra of Ti foil, TiO2/CN, and SAs–Cu–TiO2/CN. (g) EPR
spectra of SAs–Cu–TiO2/CN and TiO2/CN measured at a temperature of 100 K.

characteristic Cu–Cu peak exists for the SAs–Cu–TiO2/CN, imply-
ing the sole presence of atomically dispersed Cu atoms on these
supports.43 These results also suggest that the induced SAs–Cu
probably exists in the form of a substitution defect, CuTi, which
is predicted to have a charge state of −2 based on formal charge
analysis and induced p-type doping.44 Wavelet transform (WT) was

used to further analyze the Cu K-edge EXAFS oscillations. As shown
in Figs. 3(d) and 3(e), the WT maximum at 4.5 Å−1 for SAs–Cu–
TiO2/CN could be assigned to the Cu–O bonding, and no intensity
maximum corresponding to Cu–Cu was detected. This can be com-
pared to the WT plots of the Cu foil, which show a maximum inten-
sity at 7 Å−1. This result further confirms that the Cu component
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in the SAs–Cu–TiO2/CN exists as mononuclear Cu centers without
the presence of a metal-derived crystalline structure. EXAFS fitting
was also performed to extract the structural parameters (Fig. S10
and Table S1), and the fitting curves are shown in Fig. 3(c). The
obtained coordination number of the Cu and O is about 3–4, and
the coordination number for Cu and Ti is negligible, indicating that
SAs–Cu species are more likely to substitute the Ti sites in TiO2. The
coordination environment of Ti was verified using Ti K- and L-edge
XANES spectra. As shown in Fig. 3(f), SAs–Cu–TiO2/CN exhibits
a similar characteristic line shape to TiO2/CN, indicating a high
phase purity. However, the three detected prepeaks [labeled A, B,
and C in the inset of Fig. 3(f)] are of different intensities, indicating
that the induced SAs–Cu exerts influence on the centrosymmetry of
the central Ti atom.45 This difference was also verified using Ti L-
edge absorption spectra (Fig. S11). Different relative intensities of
L2 and L3 between the two samples indicate different distortions
from the octahedral symmetry.45 Based on the XANES and EXAFS
results, it can be concluded that isolated Cu atoms are dispersed on
the defective surface of TiO2−x, which endows TiO2 with a distorted
electronic configuration and conversely modifies the SAs–Cu so that
it has a homothetic Cu2+ center, like in laccase. This ingenious struc-
ture would undoubtedly change the spatial position of O2 adsorption
on Cu2+ ions.28

Electron paramagnetic resonance (EPR) measurements are a
useful and sensitive tool to detect the defects in metal oxides and
the chemical states of metal sites. As shown in Fig. 3(g), the signal at
a g value of 2.003 indicates a large number of oxygen defects in the
TiO2/CN. These were generated during pyrolysis of the MOF tem-
plate, with inert gas protection and amino-group reduction. Com-
pared with the much stronger EPR signal observed in the TiO2/CN,
only a very weak peak was observed for CN when TiO2−x was
removed through HF etching (Fig. S14). This implies that most
of the defect sites originated from the defect-rich TiO2−x, not the

N-doped porous carbon that interacted with the dispersed single Cu
atoms. However, after introducing single copper sites by calcining
the modified NH2–MIL-125(Ti) with Cu(acac)2, the defect signal
was considerably reduced, suggesting that the initial defect sites in
the TiO2/CN were perturbed by the local environment.46 However,
this does not mean that oxygen vacancies (VO) were removed from
the TiO2, as a considerably strong VO signal was observed for the
SAs–Cu–TiO2/CN. As shown in Fig. 2(d), a significant Vo signal
was present in the O 1s XPS spectra. Besides, a signal correspond-
ing to Cu2+ (S = 1/2, I = 3/2, d-orbital electron configuration of
3d9 under the axial ligand field symmetry) was clearly detected at
a g value of 2.092. It is suggested that this is the reason for the
annihilation of the VO signal in TiO2.47 This is because the as-
synthesized TiO2 is an n-type semiconductor,48 meaning that VO
can have a charge state of +1, with one unpaired electron, according
to previous experiments.44 However, a transformation from n-type
to p-type takes place after Cu occupies the Ti sites in TiO2, which
can bring down the Fermi level and change the charge state of VO
from +1 to +2.44 The +2 charge state has no unpaired electrons and
therefore no EPR signal. We also found that the g value of Cu in
SAs–Cu–TiO2/CN is different from that of its precursor of modi-
fied NH2–MIL-125(Ti) with Cu(acac)2, located at 2.079 (Fig. S13).
This indicates that the coordination field environment of the Cu
species in SAs–Cu–TiO2/CN had been weakened and distorted com-
pared with its initial structure. This is usually caused by variation of
the atomic distance and bonding strain and has an influence on the
electrocatalysis performance.28,43,49,50

To understand the underlying physics of single Cu atoms
located in defective TiO2, we further investigated the formation of
oxygen vacancies (VO) in the TiO2(001) surface with and with-
out Cu doping using density functional theory (DFT; see computa-
tional details in the supplementary material). Several configurations
with Cu at different sites were examined to confirm the existence

FIG. 4. Optimized structures of (a) anatase TiO2 and (b) its (001) surface, which has two types of oxygen, O1 and O2. The structure and relative formation energy of VO
+2 at

(c) O1 and (d) O2 sites on the TiO2 (001) surface with CuTi
−2 and a substituted Ti atom nearby. The structure and relative formation energy of VO

+2 at (e) O2 and (f) O1 sites
on a bare TiO2 (001) surface. The net charge of the structures in (c) and (d) is found to be 0, and that of the structures in (e) and (f) were +2. Atomic layers below the surface
are hidden for easy visualization.
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of CuTi
−2 and its impact on VO. First, we found that Cu substi-

tution of Ti is energetically favorable relative to the adsorption of
Cu atoms on the surface (Fig. S15). Second, CuTi

−2 reduces the
formation energy of VO

+2. Specifically, the structures of CuTi
−2 near

a VO
+2 with a substituted Ti atom nearby, as shown in Figs. 4(c)

and 4(d), reduce the formation energy of VO
+2 by 0.06 eV and

0.09 eV relative to the structures of VO
+2 on a bare TiO2 (001) sur-

face [Figs. 4(e) and 4(f)] for the most and the second most stable

FIG. 5. (a) ORR polarization curves of the different samples. (b) CV of SAs–Cu/TiO2/CN and TiO2/CN at a 10 mV s−1 scan under O2-saturated (red and blue lines) or
N2-saturated (magenta and green lines) conditions. (c) ORR polarization curves of SAs–Cu/TiO2/CN at various rotation rates (inset: K–L plots). (d) Electron transfer numbers
of different samples. (e) H2O2 yield plots. (f) ORR polarization curves before and after 5000 potential cycles.
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structures, respectively. This reduction can be largely ascribed to
the Coulombic interaction between CuTi

−2 and VO
+2. Because both

Cu sites and their coupled VO are favorable for the ORR process,
this kind of structure has the potential to facilitate ORR activity of
TiO2.28,47

C. Electrochemical tests for evaluating
ORR activity of SAs–Cu–TiO2/CN

To gain insight into the oxygen reduction reaction catalytic per-
formance of the as-obtained SAs–Cu–TiO2/CN, we examined the
electrocatalytic properties in the O2-saturated 0.1M aqueous KOH
electrolyte solution using rotating disk electrode (RDE) measure-
ments. It was found that the pyrolysis temperature and atmosphere
play important roles in determining the phase formation of the
TiO2−x and therefore affect the ORR activity [see Figs. 5(a), S12, and
S16–20]. Line sweep voltammetry (LSV) results indicated that the
electrocatalytic activities of the SAs–Cu–TiO2/CN far exceed those

of the other samples. To further explore the influence of the TiO2−x
on the active sites of the SAs–Cu–TiO2/CN, we tested the catalytic
performance of N-doped carbon (CN, obtained by etching SAs–Cu–
TiO2/CN with HF), as shown in Fig. S21. It can be seen that CN
without mixed phase TiO2−x is not as effective as SAs–Cu–TiO2/CN,
which has copper atoms anchored on the defect-rich TiO2−x as active
sites. Figure 5(b) compares the CV curves for the samples with and
without loading of single Cu atom sites. Well-defined cathodic peaks
that are characteristic of the O2 reduction reaction were observed
in both samples after the injection of oxygen. SAs–Cu–TiO2/CN
exhibited more pronounced electrocatalytic ORR activity, associated
with a more positive cathodic peak and a higher cathodic current
density, than TiO2/CN. This implies enhanced ORR activity of the
SAs–Cu–TiO2/CN after copper atomic site decoration. To inves-
tigate the ORR kinetics and the number of electrons transported
per oxygen molecule on the SAs–Cu–TiO2/CN, RDE measurements
at different rotating speeds were taken, as shown in Fig. 5(c). The
LSV (linear sweep voltammetry) curves for SAs–Cu–TiO2/CN at

FIG. 6. (a) Schematic diagram of a primary Zn–air battery. (b) Polarization and power density curves of the primary Zn–air batteries using SAs–Cu–TiO2/CN and TiO2/CN
as ORR catalysts (scan rate 5 mV s−1). (c) Discharge curves of the primary Zn–air batteries using SAs–Cu–TiO2/CN as the ORR catalyst at various current densities. (d)
Discharge curves of the primary Zn–air batteries using SAs–Cu–TiO2/CN and TiO2/CN as the ORR catalysts at a current density of 10 mA cm−2 (inset: optical images of an
LED before and after being driven by two Zn–air batteries).
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different rotation speeds clearly show that JL increased with the
increase in rotation speed due to the reduced diffusion distance. This
is also shown by the corresponding Koutecky–Levich (K–L) plots
at various potentials. Good linearity of the plots and fitted ORR
lines that are nearly parallel are shown [see the inset in Fig. 5(c)],
indicating that the reaction on SAs–Cu–TiO2/CN has first-order
kinetics with respect to the concentration of dissolved oxygen and a
similar electron transfer number for the ORR over the potential
range. Using the K–L equation, the electron transfer number (n)
was calculated to be ∼4.1, which is close to the favorable four-
electron pathway of maximum energy capacity.51–53 This can be
explained in the following two ways: First, when compared with Cu
particles in Cu–TiO2/C (Fig. S19), the single Cu atom sites in the
SAs–Cu–TiO2/CN are highly active for the ORR with maximum
atom efficiency. Second, the single copper atom sites are coupled to
the surface defects derived from the mixed reduced TiO2−x phase,
so the electronic structure around the metal sites can be modulated
by unpaired electrons on the defective sites that transfer to Cu2+,
resulting in more active sites for catalysis.47 Information referring
to the electron transfer numbers of the different samples is shown
in Fig. 5(d). Only SAs–Cu–TiO2/CN has a four-electron pathway.
Therefore, the synergistic electronic effect of SAs–Cu and the defects
should make bonding between O2 and Cuδ+ (0 < δ < 2) preferable.
Rotating ring disk electrode (RRDE) test results, shown in Fig. 5(e),
demonstrate that the H2O2 yield over SAs–Cu–TiO2/CN remained
below 10% over the entire potential range, giving an electron trans-
fer number of ∼3.9. This can be clearly identified in the K–L plots.
This further shows that the ORR catalyzed by SAs–Cu–TiO2/CN is
a direct four-electron transfer pathway.54 Meanwhile, for TiO2/CN,
the yield of HO2− is close to 40% and the corresponding elec-
tron transfer number is ∼3.1. To evaluate the stability of the SAs–
Cu–TiO2/CN, an accelerated durability test was performed by con-
tinuous potential cycling in O2-saturated 0.1M KOH [Fig. 5(f)].
After 5000 cycles, the profile changed only slightly, indicating good
stability.

D. Application of SAs–Cu–TiO2/CN in a prototype
Zn–air battery

Considering the good electrocatalytic properties of the
SAs–Cu–TiO2/CN, we constructed a prototype primary Zn–air
battery, as shown in Fig. 6(a). The SAs–Cu–TiO2/CN catalyst was
loaded on the carbon fiber paper as the air cathode and paired with
Zn foil as the anode. 6M aqueous KOH solution was used as the elec-
trolyte. The battery exhibited an open circuit voltage of about 1.4 V.
Figure 6(b) shows the polarization and power density curves of the
assembled Zn–air batteries. It is clear that the SAs–Cu–TiO2/CN
catalyst-based air electrode had a maximum current density of
108 mA cm−2 and a peak power density of 45 mW cm−2. This
promising electrochemical performance can be ascribed to the
unique structure of the SAs–Cu–TiO2/CN, which facilitates ade-
quate dispersion of O2 gas bubbles and electrolyte toward the active
sites. The discharge curves recorded at various current densities
showed that the SAs–Cu–TiO2/CN catalyst had potential plains at
1.30 V, 1.27 V, 1.23 V, and 1.13 V for 2 mA cm−2, 5 mA cm−2, 10 mA
cm−2, and 20 mA cm−2, respectively, without significant reduction
[Fig. 6(c)]. Furthermore, no significant potential drop was observed

under a galvanostatic discharge for 20 h at 10 mA cm−2, indicat-
ing excellent catalytic stability for the Zn–air batteries [Fig. 6(d)].
The inset in Fig. 6(d) shows two Zn–air batteries based on the SAs–
Cu–TiO2/CN air-cathode, connected in sequence to illuminate a red
light-emitting diode.

III. CONCLUSION
In summary, a synergistic electrocatalyst composed of atomi-

cally dispersed copper sites stabilized by defective TiO2−x was suc-
cessfully synthesized via MOF coordination followed by thermal
activation. Using STEM, EXAFS, and EPR in combination with DFT
calculations, we unambiguously showed that the resulting Cu species
had a configuration in which single metal atoms were coupled with
the oxygen vacancies in the mixed-phase TiO2−x, resulting in the dis-
tortion of the Cu2+. This led to stabilization of the copper atom sites
and the provision of more active sites. The structural integrity of
the composites remained good, benefiting from the hierarchical 3D
porous structure derived from the metal organic framework, as well
as the excellent electrical network provided by the highly conduc-
tive N-doped carbon. This ultimately led to considerably enhanced
ORR activity, with the active sites activating the reactants and low-
ering the reaction barriers. Prototype Zn–air batteries based on this
composite electrocatalyst exhibited intriguing electrochemical per-
formance. Therefore, this work offers an alternative way to prepare
robust and highly efficient atomically dispersed metal catalysts using
surface defects.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental section, SEM
images, FT-IR spectroscopy, additional N2 adsorption isotherms,
additional XRD, additional TEM, Raman spectroscopy, additional
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LSV curves, and additional computational details.
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