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Oxidized Ti Single Atoms and Co3O4 with Abundant Oxygen
Vacancies Collaborating with Adjacent Pd Sites for an
Efficient and Stable Oxygen Reduction Reaction

Hong-Wei Chang, Thomas Yang, Che Yan, Po-Han Chiu, Chi-Ying Wu, Hung-Wei Yen,
Dinesh Bhalothia,* Kaun-Wen Wang, Po-Chun Chen,* and Tsan-Yao Chen*

The current study addresses these key issues by providing the ensemble sites
and creating oxygen vacancies in the oxidized Ti-single atoms. Here we report
a novel heterogeneous catalyst comprising oxidized Ti-single atoms uniformly
coated on the cobalt-oxide-supported Pd nanoparticles (denoted as CP@Ti-1),
where the oxygen vacancies are introduced in oxidized Ti-single atoms as well
as cobalt-oxide support. As-developed CP@Ti-1 catalyst demonstrates
remarkable ORR activity with a mass activity (MA) of 9,725 mAmgTi

−1 at 0.85
V vs RHE and 1,244 mAmgTi

−1 at 0.90 V vs RHE in alkaline conditions. These
values mark significant improvements over the commercial J.M.-Pt/C catalyst,
outperforming it by 145- and 50-fold, respectively. Additionally, the CP@Ti-1
catalyst shows exceptional durability, maintaining 100% of its initial
performance after 20, 000 cycles of accelerated degradation test (ADT). In-situ
X-ray absorption spectroscopy (XAS) analysis reveals that the catalyst design
promotes synergistic interactions between oxygen vacancies in Ti/Co atoms
and adjacent Pd domains, facilitating key reactions in ORR such as oxygen
splitting and hydroxide ion formation, respectively, enhancing overall catalytic
efficiency. These insights promise significant advancements in both scientific
research and industrial applications of ORR catalysis.
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1. Introduction

Alkaline fuel cells are at the frontline for
providing clean energy with net zero car-
bon footprints. However, their practical ap-
plications are severely hindered by the slug-
gish kinetics of oxygen reduction reaction
(ORR), which needs to be boosted by de-
ploying costly noble metal-based catalysts
based catalysts with high metal loading.[1,2]

In this context, single-atom catalysts (SAC)s
have gained significant attention owing to
their extraordinary properties such as effi-
cient metal utilization and delineated ac-
tive sites.[3,4] Despite potential advantages,
SACs have certain limitations. For instance,
the relatively low metal content in SACs
and severe oxidation impact their catalytic
performance.[5,6] Besides activity, the long-
term stability of SACs is hampered due to
aggregation and other structural changes
in the absence of steric protection.[7] More-
over, the lack of ensemble reaction sites is a
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significant drawback of SACs, particularly in multistep electro-
chemical reactions like ORR.[8] Consequently, developing effec-
tive strategies to surmount the limitations of SACs is imperative
for realizing their industrial applications.
The aforementioned challenges have been addressed bymulti-

directional approaches, where combining single atoms with
nanoparticles, atomic clusters or other single atoms is at the fore-
front for augmenting their catalytic activity.[9,10] In such catalytic
systems, two or more active sites simultaneously participate (di-
rect or indirect) in catalyzing the reaction. In direct participation,
adjacent active sites directly engage in the reaction process, each
responsible for specific reaction steps.[11] This dual-site activa-
tion allows for simultaneous operation of all intermediate steps,
culminating in a significant leap in the catalytic performance of
electrocatalysts. On the other hand, unlike the first pathway, the
Sabatier principle asserts dominance in indirect participation,
where one active species induces modifications in the electronic
and geometric structures of another, thereby optimizing the bind-
ing strength between reaction intermediates and the catalyst’s
surface.[12] This optimized interaction results in an overall en-
hancement of catalytic performance. On top of that, our previous
work combined both of these pathways, where Iridium (Ir)-single
atoms were decorated on the cobalt-oxide-supported Pd nanopar-
ticles for ORR.[13] In such a ternary catalyst, the Ir single-atoms
and Pd NPs directly participate in the ORR and synergistically fa-
cilitate the O2 splitting and hydration step, respectively.While the
Co-atoms indirectly participate and supply electrons to Ir-single
atoms for optimized binding energywith intermediates. A proper
design it was, however, the Ir single atoms serve as the sole re-
action sites for O2 splitting and therefore due to their ultra-low
Ir loading, these catalysts suffer from a shortage of sufficient re-
action sites for effective O2 splitting, which remains a significant
issue. In addition, the severe oxidation of Ir single atoms leads
to suppressed O2 splitting kinetics. Furthermore, the Ir-singel
atoms were replaced by Pt-dimers/trimers or atomic clusters in
such structures, however, fewer reaction sites and the oxidation of
Pt species resulted into suppressed catalytic activity and structure
failure in stability tests, respectively.[14,15] To address the former
issue (i.e., fewer reaction sites), recently published studies have
demonstrated that oxygen vacancies (OVs) in transition metal ox-
ides can serve as active sites for O2 splitting, therefore suchmetal
oxides have been used as support materials for various single
atom and atomic catalysts to increase the active sites for O2 split-
ting during ORR.[16,17] Despite numerous studies on noble metal
and transition metal-based SACs across different compositions
and configurations, the second issue (i.e., oxidation) persists sig-
nificantly.
This study strives to change the obstacle into an opportunity

by generating OVs in oxidized single atoms. Herein, oxidized Ti-
single atoms are uniformly anchored on the surface of cobalt-
oxide-supported Pd NPs and the OVs are created in the oxidized
Ti-single atoms as well as cobalt-oxide support (henceforth de-
noted as CP@Ti-1) for achieving high-performance ORR. The
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CP@Ti-1catalyst demonstrates superior performance compared
to previously reported SACs, achieving a record-high mass ac-
tivity (MA) of 9725 mAmgTi

−1 at 0.85 V versus RHE and 1244
mAmgTi

−1 at 0.90 V versus RHE in alkaline ORR. These val-
ues represent a significant improvement, surpassing those of
the commercial J.M.-Pt/C catalyst (67 and 24.9 mA mg−1) by
145- and 50-fold, respectively. Moreover, the catalyst exhibits ex-
ceptional durability under accelerated degradation testing (ADT),
maintaining 100%of its pristine performance after 20, 000 cycles.
The results of in situ XAS analysis reveal that such a design initi-
ates the local synergy between OVs in Ti/Co atoms and neighbor-
ing Pd domains, respectively, facilitating the bond breaking (i.e.,
O2 splitting) and bond making (i.e., hydroxide ions formation)
during ORR. We believe that this study introduces a highly effi-
cient and economically competitive catalyst for ORR. Beyond its
practical benefits, this work also enhances understanding of the
relationship between catalyst structure and performance. Conse-
quently, it promises significant advancements in both scientific
understanding and industrial applications of ORR catalysis.

2. Results and Discussion

2.1. Physical Structure Inspection

Initially, the elemental composition of Co, Pd, and Ti in the
CP@Ti-1 catalyst was precisely quantified using inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES). The analy-
sis revealed their respective weight percentages as 16.2% for Co,
10.2% for Pd, and 0.66% for Ti. To elucidate the crystal struc-
ture of the CP@Ti-1 catalyst, high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) com-
bined with energy-dispersive X-ray spectroscopy (EDS) elemental
mapping was employed. Figure 1a presents the HAADF-STEM
image along with the corresponding EDS elemental maps. The
distribution of Co (Figure 1a-1) and Pd (Figure 1a-2) confirms
the formation of Pd nanoparticles supported on a Co-oxide ma-
trix. Furthermore, the successful incorporation of Ti single atoms
within the CP@Ti-1 catalyst is verified through the EDS elemen-
tal mapping of Ti (Figure 1a-3, a-5). Accordingly, the Ti-single
atoms are uniformly coated on the cobalt-oxide-supported Pd
nanoparticles Given that Ti possesses the lowest atomic num-
ber (Z = 22) among the three elements in the system, its iden-
tification relies exclusively on EDS analysis. The HRTEM results
of reference samples (i.e., Pd-BP and Co@Pd) and CP@Ti-1 are
discussed in the Note S1 (Supporting Information).
Figure 1b presents a comparison of the X-ray diffraction (XRD)

patterns of the CP@Ti-1 catalyst with reference samples. The
characteristic diffraction peaks labeled as A, B, and C correspond
to the (111), (200), and (220) planes of the metallic fcc Pd crystal,
respectively. Additionally, peak M represents the characteristic
signal of the (002) plane of the carbon support (BP-2000), while
peaksO and P correspond to the Co3O4 (311) plane and theCo3O4
(511) plane, respectively. For better clarity, magnified views of the
peaks A/B (13–23°) and the peaks centered ≈(24–27°) are shown
in Figure 1c,d, respectively. Given that the intensity of diffraction
peaks primarily depends on factors such as crystallite size, phase
purity, and atomic scattering power. The presence of Ti species on
the Pd surface can disrupt the periodicity of the Pd crystal lattice,
reducing the coherence length of X-ray diffraction and thereby
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Figure 1. a) The HAADF-STEM image and corresponding EDS elemental maps of CP@Ti-1catalyst. b) X-ray diffraction patterns of CP@Ti-1catalyst
compared with reference samples. The magnified sections of the XRD pattern are shown for the 2𝜃 ranges of c) 13°–23° and d) 24°–27°. All diffraction
patterns were recorded using incident X-rays with an energy of 16 keV. e) The atomic resolution HAADF-STEM image and corresponding EDS elemental
maps for (e-1) Co and Pd, (e-2) Ti and Pd and (e-3) Ti.
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lowering peak intensity. Accordingly, compared to Co@Pd, the
suppressed intensity of Pd diffraction peaks confirms that the
Ti species are decorated on the Pd nanoparticles. Compared to
Pd, the higher background (denoted by h in the yellow square)
of Co@Pd indicates the higher surface roughness/defects in the
Co@Pd.[18,19] More interestingly, the background of CP@Ti-1
is again suppressed and aligns with Pd, suggesting a relatively
smooth surface. These observations are in good agreement with
the HRTEM results. The AC-HAADF-STEM image of CP@Ti-1
is presented in Figure 1e, with corresponding atomic-resolution
elemental maps provided as follows: (e-1) for Co and Pd, (e-2) for
Pd and Ti, and (e-3) for Ti. Due to the significantly lower atomic
number of Ti (22) compared to Pd (46), and because Ti atoms are
uniformly dispersed on the nanoparticle surfaces rather than be-
ing aligned on the same crystallographic planes as the Pd atoms
(a fact corroborated by the absence of any peak position shifts in
the XRD diffraction patterns), it is exceedingly difficult to directly
observe Ti atoms within the atomic lattice of the Pd NPs. In the
image, the dashed yellow circles indicate positions of atomic va-
cancies within the Pd crystals. These vacancies arise because the
uniformly deposited Ti atoms on the surface of the Pd crystals un-
dergo oxidation upon exposure to air. This oxidation induces local
lattice structure mismatches that generate strain fields and ne-
cessitate charge neutrality, leading to a disordered arrangement
of Pd atoms in different regions of the NPs. Moreover, the pres-
ence of weak-contrast, grayscale atomic clusters on the NP sur-
faces significantly diminishes the sharpness of the boundaries.
This phenomenon clearly indicates that a high density of low-
atomic-number oxides (i.e., Ti oxide), arranged in a nonuniform
manner, coats the surfaces of the PdNPs. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping further confirms these
observations. As shown in Figure (e-1), the Co element is uni-
formly distributed across the image. In particular, the distribu-
tion of Co in region A does not overlap with that of Pd, confirm-
ing that Co is indeed uniformly dispersed on both the bottom
and the surface of the Pd NPs enabling their collaboration with
Ti atoms in ORR. The lack of contrast in the corresponding AC-
HADDF-STEM image suggests that the Co, forming oxide struc-
tures, not only has a low atomic number but also exists in an
amorphous state, thereby precluding the formation of a coher-
ent electron diffraction signal. Figures (e-2) and (e-3) reveal that
Ti atoms are uniformly distributed exclusively on the surface of
the Pd NPs and are almost entirely absent on the Co oxide sur-
faces (as indicated by the dark contrast areas lacking atomic res-
olution). These results are in excellent agreement with the XRD
analysis, which confirms that Ti exists predominantly as isolated
single atoms on the surfaces of the Pd NPs. For further com-
parison, the analogous image analysis of the reference sample
Co@Pd is provided in Figure S1 (Supporting Information). Sim-
ilar to Figure 1e, region B in Figure S1 (Supporting Information)
shows the presence of Co atoms, indicating that the Pd nanopar-
ticles grow on the Co oxide surfaces. The yellow arrows denote
that, in the absence of Ti modification, the atomic arrangement
within the Pd nanoparticles is well-ordered, and their surfaces do
not exhibit scattered, low-atomic-number oxide structures. This
observation further substantiates the atomic structure character-
ization of the CP@Ti-1 sample as described in Figure 1e.

2.2. Confirmation of Oxygen Vacancies by XPS and EPR

The oxidation states and binding energies (BE) of the constituent
elements alongwith the oxygen vacancies (OV) in the samples un-
der investigation were analyzed using X-ray photoelectron spec-
troscopy (XPS) at the Co-2p, O-1s, and Pd-3d orbitals. In the Co-
2p spectrum (Figure 2a–c), the deconvolution of the spectra re-
veals that the CP@Ti-1 catalyst exhibits the highest Co2+/Co3+

ratios (0.94) as compared to Co-BP (0.48) and Co@Pd (0.84), sug-
gesting the highest extent of OVs in CP@Ti-1 catalyst (Table 1).[20]

Notably, oxygen vacancies in transitionmetal oxides typically lead
to an increase in the lower oxidation state (e.g., Co2+) relative to
the higher oxidation state (Co3+). This is because the removal
of oxygen atoms from the lattice reduces the number of avail-
able O2− ions required to stabilize Co3+, resulting in a partial
reduction to Co2+.By calculating the Co2+/Co3+ ratio from the
deconvoluted XPS spectra, the extent of oxygen vacancies has
been confirmed. A higher Co2+/Co3+ ratio suggests a greater con-
centration of oxygen vacancies. Considering the quick oxidation
of Ti single atoms, increased OVs in CP@Ti-1 as compared to
Co@Pd indicate the presence of abundant OVs in the oxidized
Ti single atoms and consistently confirmed by the XPS spectra
at Ti-2p orbital of CP@Ti-1 catalyst (Figure S6a, Supporting In-
formation). The XPS spectra of the CP@Ti-1 catalyst exhibit the
presence of a Ti3+ oxidation state in significant amounts. In a
perfect TiO2 crystal, Ti typically exists in the Ti

4+ oxidation state,
as it is balanced with the oxygen ions (O2−). However, the reduc-
tion of Ti4+ to Ti3+ usually occurs when there is a deficiency of
oxygen atoms, creating OVs to maintain charge neutrality.[21,22]

The aforementioned scenarios are further confirmed by the XPS
spectra at O-1s orbitals (Figure 2d–f), where all the three sam-
ples including Co-BP, Co@Pd, and CP@Ti-1 exhibit a promi-
nent OV peak, confirming the presence of OVS in these samples.
An even closer inspection of OV peaks reveals that the CP@Ti-1
catalyst exhibits the most intense OV peak, which complemen-
tarily confirms the above-discussed observations. The existence
of OVS in Co@Pd and CP@Ti-1 catalysts are further validated
through variations in the spin density distribution under an ap-
pliedmagnetic field. Figure S6b (Supporting Information) shows
the electron paramagnetic resonance (EPR) spectra of Co@Pd
and CP@Ti-1 catalysts, the CP@Ti-1 catalyst exhibits the higher
peak intensity as compared to Co@Pd, confirming the presence
of OVS in decorated Ti species. Furthermore Figure 2g–i present
the XPS spectra of Pd-BP, Co@Pd, and CP@Ti-1 catalysts at
Pd-3d orbitals, respectively, where the corresponding oxidation
states and binding energies are summarized in Table 1. Com-
pared to Pd-BP, the Co@Pd and CP@Ti-1 catalysts show the in-
creased oxidation of Pd which can be attributed to the presence
of Co-oxide and additional oxidized Ti single atoms. More impor-
tantly, the increased binding energy of Co (compared to Co-BP)
and reduced binding of Pd0 (compared to Pd-BP) indicates the
electron localization from Co-to-Pd in the Co@Pd catalyst. Un-
surprisingly, along with the Co, the Pd also exhibits increased
binding energy for CP@Ti-1 as compared to Co@Pd. Such a sce-
nario suggests the further electron relocation from Pd to OV sites
of oxidized Ti single atoms due to the high electronegativity of
OVS.
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Figure 2. Comparative X-ray photoelectron spectroscopy of a) Co-BP, b) Co@Pd and c) CP@Ti-1 at Co-2p orbitals. d) Co-BP, e) Co@Pd, and f) CP@Ti-1
at O-1s orbitals. g) Pd-BP, h) Co@Pd, and i) CP@Ti-1 at Pd-3d orbitals.

2.3. CO-Stripping Analysis

CO-stripping analysis was utilized to determine the surface
chemical properties of CP@Ti-1catalyst and reference samples.
Specifically, the positions of the oxidation peaks of adsorbed CO
(COads) in the CO-stripping curve offer insights into the required
potential for CO oxidation.[23] Additionally, the area under the CO

oxidation peak reflects the density of surface-active sites that have
undergone CO chemisorption.[23] As shown in Figure 3a, the ab-
sence of current responses in the CO stripping curves of the sub-
strate (i.e., black pearls), Co, and Ti nanoparticles suggest their
inert behavior toward CO molecules. On the other hand, the BP-
supported Pd NPs (i.e., Pd-BP) exhibit a distinct CO-oxidation
peak (A) at ≈0.92 V versus NHE, corresponding to the com-

Table 1. XPS determined elemental chemical states and binding energies.

Oxidation State Ratio Binding Energy [eV]

Pd 0 Pd 2+ Co 2+ Co 3+ OV Co2+/Co3+ Pd 0 Pd 2+ Co 2+ Co 3+

Co-BP N/A 32.5 67.5 28.65 0.48 783.68 781.65

Pd-BP 67.59 32.41 N/A 335.57 336.84 N/A

Co@Pd 63.45 36.55 45.8 54.2 46.98 0.84 335.39 337.17 783.79 781.75

CP@Ti-
1

61.31 38.69 48.6 51.4 57.58 0.94 335.55 337.66 784.05 781.91
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Figure 3. Comparative CO stripping curves of a) black pearls, Co-BP, Pd-BP and Ti-P, b) Pd-BP, Co@Pd and physical mixture of Co@Pd and c,d) Co@Pd
and CP@Ti-1 catalysts.

pact Pd (111) facet.[24] Additionally, a suppressed peak (O) at the
lower potential region refers to the surface defects, confirming
the presence of surface defects in Pd nanoparticles.[25] Figure 3b
compares the CO stripping curves of Pd NPs with Co@Pd and
the physical mixture of Co+Pd. Accordingly, compared to the
main COads oxidation peak of Pd nanoparticles (i.e., peak A), an
offset of −30 mV (peak A*) for Co@Pd suggests a significantly
lower energy barrier for COads oxidation on the surface of Co@Pd
and can be attributed to the charge localization on Pd surface
from Co-domains (consistent with XPS observations). More im-
portantly, the rise of an additional peak B at the lower potential
(≈0.810 V vs NHE) corresponds to the COads oxidation at the
low energy barrier reaction sites. Considering the absence of this
peak in Pd nanoparticles and the physical mixture of Co+Pd, it
can be assigned to the Co-to-Pd interface. In addition, compared
to Pd NPs, the significant suppression in peak O indicates re-
duced surface defects in Co@Pd. Meanwhile, the physical mix-
ture of Co+Pd exhibits a suppressed peak A# at the highest po-
tential, suggesting the highest energy barrier for COads oxidation.
Furthermore, the CO stripping curve of CP@Ti-1catalyst is com-
pared with Co@Pd in Figure 3c, while the zoom in region is
shown in Figure 3d. Notably, compared to Co@Pd, the signifi-
cant suppression of the main COads oxidation peaks for CP@Ti-
1catalyst confirms the reduced surface Pd sites in this sample
due to surface coverage via Ti-atoms, as consistently proved by
their inert nature toward COmolecules in the CO-stripping curve
of Ti nanoparticles.[13] More importantly, a shift of the main ox-
idation peak “A” to the lower potential confirms the increased
CO-tolerance of CP@Ti-1 catalyst as compared to Co@Pd.[26,27]

Moreover, the shift of peak B to higher potentials indicates that

along with the surface of Co@Pd, Ti-atoms are also decorated at
the Co-to-Pd interface.

2.4. Performance Analysis in Oxygen Reduction Reaction

Figure 4a shows the cyclic voltammetry (CV) curves of CP@Ti-
1catalyst and control samples. For Co nanoparticles, the absence
of current signals up to 1.0 V versus RHE suggests the severe
oxidation of Co nanoparticles and therefore exhibits the chem-
ically inert behavior for ORR. Meanwhile, the two peaks (A
and B) in the forward sweep and peak C in the reverse sweep
can, respectively be attributed to the adsorption and subsequent
reduction of oxygenated species from the Co surface at higher
potentials. The Pd nanoparticles exhibit a smeared peak profile
(indicating high H+ ions adsorption affinity of Pd) in the under-
potential deposition region of hydrogen (HUPH) and an obvious
oxide reduction peak ER-2 at 0.64 V versus RHE.[28] Notably, the
Co@Pd and CP@Ti-1catalysts exhibit similar peak profiles to Pd
(peaks O1, O2, O3 in forward sweep and oxide reduction peak ER-2

in reverse sweep) and Co (peaks A/B in forward sweep and peak
C in reverse sweep), respectively in lower and higher potential
regions, confirming the formation of Pd nanoparticles over
Co-oxide support in these samples. Moreover, compared to Pd
and Co@Pd, the highest positive shift of the oxide reduction for
the CP@Ti-1catalyst suggests the lowest energy barrier for ORR
on its surface.[13] More interestingly, an additional shoulder peak
ER-1 (≈0.856 V vs RHE) is observed for the CP@Ti-1 catalyst,
which corresponds to the oxide reduction from Ti-sites with
lower energy barriers as compared to that of adjacent Pd-sites.
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Figure 4. Electrochemical results. a) CV, (b) LSV curves, c) corresponding half-wave potential (E1/2) and onset potential (Voc), d) kinetic current density,
(e) ORR mass activity at 0.85 and 0.90 V versus RHE, f) Koutecky–Levich (K.L.) plot, g) LSV curves of CP@Ti-1and Co@Pd catalysts at pristine and
after ADT cycles, (h) CV curves of CP@Ti-1catalyst at selected ADT cycles and (i) CV curves of Co@Pd catalyst at selected ADT cycles.

The catalytic activities of CP@Ti-1catalyst and control sam-
ples were elucidated by using linear sweep voltammetry (LSV),
as shown in Figure 4b. For a fair comparison, the ORR
performance of commercial J.M.-Pt/C catalyst with 20 wt.% of
Pt and the control samples (i.e., Co, Pd, and Co@Pd) were as-
sessed under similar conditions. Notably, the highest half-wave
(E1/2) and onset (VOC) potentials (Figure 4c) for the CP@Ti-1 cata-
lyst indicate the highest reaction kinetics for ORRwith the lowest
energy barrier, which is in good agreement with the position of
the oxide reduction peak (ER-2) in CV curve (Figure 4a). Next, the
mass activities (MA)s of the CP@Ti-1catalyst and control sam-
ples were obtained at 0.85 and 0.90 V versus RHE relative to Ti-
loading. Herein it is worth noticing that the kinetic current den-
sity (Jk) (Figure 4d) of Co@Pd is first deducted from the Jk of the
CP@Ti-1catalyst for the calculation of MA values to ensure that
MA is completely dominated by the decorated Ti single atoms
(detailed calculations procedure for MA is provided in Note S2,
Supporting Information). Accordingly, the CP@Ti-1 exhibits ex-
ceptional MA values of 9725 and 1244 mAmgTi

−1 at 0.85 and
0.90 V versus RHE, respectively (Figure 4e). Given that the ORR
performance matrices (i.e., E1/2, VOC, Jk, and MA) of Co@Pd
are far below than CP@Ti-1catalyst, confirming that the ORR
kinetics of the CP@Ti-1 catalyst is dominated by the decorated

Ti-single atoms. The ORR performance of the CP@Ti-1catalyst
is further compared with commercial J.M.-Pt/C in Figure S7
(Supporting Information), where the MA values of the CP@Ti-
1catalyst outperform the commercial J.M.-Pt/C by 145- and 50-
fold, respectively at 0.85 and 0.90 V versus RHE. Ultimately,
the ORR performance metrics of the CP@Ti-1 catalyst are com-
pared with those reported in the literature (Table S1, Support-
ing Information), underscoring the superiority of CP@Ti-1 over
other catalysts. The Koutecky–Levich (K.L.) plots confirm the 4-
electron transfer pathway for the catalysts under investigation
(Figure 4f).
Inspired by the high ORR performance of the CP@Ti-1 cata-

lyst, its long-term stability in ORR is evaluated by an accelerated
degradation test (ADT). As shown in Figure 4g, the unchanged
E1/2 for the CP@Ti-1catalyst after 20000 ADT cycles confirms its
high stability. On the other hand, Co@Pd shows a negative offset
of −16 mV just after 12000 ADT cycles. Figure 4h,i, respectively,
show the CV curves of CP@Ti-1 and Co@Pd catalysts at selected
ADT cycles. Herein it’s worth noticing that the Pd-oxide reduc-
tion peaks (ER-2) exhibit similar behavior (a progressive upshift in
position and intensity) with increasing ADT cycles in both sam-
ples, suggesting a similar chemical reaction (i.e., removal of sur-
face oxide) on the Pd surface. Considering such a scenario, it can
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be concluded that the decorated Ti-single atoms are dominating
reaction sites in the CP@Ti-1 catalysts during ORR.[13]

2.5. Unveiling ORR Pathways via In Situ XAS Analysis

The ORR pathways on the surface of the CP@Ti-1catalyst were
determined through in situ XAS analysis at the Co, Pd, and Ti
K-edges. As shown in Figure 5a, Fluorescence-mode in situ XAS
spectra were obtained using a custom-built electrochemical cell
coupled with a CH Instruments Model 600B potentiostat, which
featured a three-electrode configuration. The in situ X-ray absorp-
tion near-edge structure (XANES) spectra at the Co K-edge for
the CP@Ti-1 catalyst under potential-driven conditions are pre-
sented in Figure 5b. The inflection point (X), which corresponds
to peakO in the first derivative curve (Figure 5c), appears at a sim-
ilar position to that of CoO. This observation indicates that cobalt
primarily exists in the form of CoO under open-circuit voltage
(OCV) conditions and within the lower potential range of 1.0 –
0.9 V versus RHE in the CP@Ti-1 catalyst. Notably, in the typical
Co K-edge spectrum, the white line intensity (HA) and the po-
sition of inflection point (X) correspond to the surface chemical
adsorption of oxygenated species and the oxidation state of tar-
geted atoms, respectively.[16] Interstingly, the CP@Ti-1 catalyst
exhibits suppressed HA as compared to CoO in this applied po-
tential range, indicating the presence of severe OVS in the Co
domains of the CP@Ti-1 catalyst. Further increasing the poten-
tial from 0.9 V to 0.85/0.8 V leads to the positive shift of inflec-
tion point (similar to Co3O4), suggesting the increased oxidation
state of Co. Along with the presence of shoulder peak (OV) in the
first derivative curve (Figure 5c) at the applied potential range
of 0.85 –0.8 V, such an increased oxidation state confirms that
OVS in the Co domains promotes the O2 splitting (O

2 → 2Oads)
step duringORR on the surface of CP@Ti-1 catalyst.[16] Figure 5d
shows the FT-EXAFS spectra of the CP@Ti-1 catalyst at the Co
K-edge, where peaks labeled as “C” and “D” are contributions of
the Co-O bond pairs in the 1st and 2nd coordination shell around
Co atoms.[16] Consistent with the XANES (Figure 5b) and first
derivative curves (Figure 5c), the intense Co-O peaks at the ap-
plied potential range of 0.85 –0.8 V in the FT-EXAFS spectra, con-
firming the direct participation of Co domains in the O2 splitting
kinetics. These observations are complementarily confirmed by
the wavelet transform (WT) patterns. The WT patterns offer the
ability to distinguish backscattering atoms by providing both k-
space and radial distance resolution.[29] As a result, WT analysis
of the FT-EXAFS spectra at the Co K edge is conducted to fur-
ther verify the contribution of Co domains in ORR. As shown in
Figure 5e, the progressively increasing intensities of maxima B
(2.9 Å) and C (4.85Å) (corresponds to the Co-O bond pair in the
1st and 2nd coordination shells) again confirms that Co domains
are proactively favored the O2 splitting kinetics during ORR. The
in situ XANES spectra of the CP@Ti-1 catalyst at the Pd K-edge
(Figure 5f) reveal that the inflection point X (corresponding to
peak R in the 1st derivative curve (Figure 5g) occurs at the high-
est energy value under OCV conditions, suggesting the presence
of oxygenated species (OH− ions) on the Pd surface. Further in-
creasing the potential up to 0.8 V versus RHE leads to the pro-
gressive shift of inflection point X to the lower energy values,
suggesting the decreasing oxidation state (i.e., removal of oxy-

genated species) from the surface. Given that the Pd is chemically
stable due to its noble nature, which resists oxidation in the oper-
ating potential range of the ORR (0.6–1.0 V vs RHE). Within this
range, Pd primarily exists in its metallic (Pd0) state or a weakly
oxidized state due to hydroxide ions adsorption (i.e., Pd–OH).[30]

These observations integrally confirm that the Oads atoms (from
Co-domains) relocate on the Pd surface and reduce to OH− ions
due to the presence of a high density of electrons (confirmed by
XPS in the former section) followed by desorption of the same
under potential driven conditions. Figure 5h,i, respectively, show
the FT-EXAFS spectra and corresponding WT patterns of the
CP@Ti-1 catalyst at Pd K-edge. Accordingly, the highest inten-
sities of peak S in the FT-EXAFS spectra and maxima A in the
WT patterns complementarily confirm the presence of OH− ions
under OCV conditions. Meanwhile compared to the OCV state,
the progressively suppressing intensities of these peaks indicate
the removal of OH− ions under potential-driven conditions. The
in situ XAS spectra of Co@Pd at Co and Pd K-edges have been
shown in Figure S8 (Supporting Information) for reference.
Finally, the in situ XANES spectra of the CP@Ti-1 catalyst at

the Ti K-edge have been analyzed to elucidate the role of Ti-single
atoms during ORR. As shown in Figure 6a, the similar position
of inflection point (X) (corresponds to the peak Y in the 1st deriva-
tive spectra (Figure 6b) suggests the unchanged chemical (oxida-
tion) state of Ti atoms under potential-driven conditions. On the
other hand, the white line intensity (HA) of the CP@Ti-1 cata-
lyst dramatically enhanced under the applied potential of 1.0 V-
0.9 V versus RHE as compared toOCV conditions, suggesting the
presence of adsorbed oxygen (Oads) on the Ti-atoms under these
applied potentials and can be attributed to the O2 splitting (O

2

→ 2Oads) step on the Ti-atoms during ORR.[15] Further raising
the potential up to 0.8 V versus RHE leads to the suppressed HA
(similar to OCV conditions), suggesting the relocation of Oads to
the adjacent Pd sites. These observations are in good agreement
with the above-discussed Pd K-edge results. These scenarios are
complementarily confirmed by the pre-edge analysis (shown in
the inset of Figure 6a). The splitting of pre-edge peak O to O*
corresponds to transforming the Ti-O site from a distorted tetra-
hedral to an octahedral Ti-O site by increasing the applied poten-
tial from OCV to 0.80 V (V vs RHE). When the potential changes
to 0.70 V (V vs RHE), the absence of peak X* indicates the forma-
tion of a tetrahedral Ti-O4 site. In the absence of chemical shift
(see the position of inflection peak X in Figure 6a), these scenar-
ios reveal that Ti-Ox are empty sites for splitting/storing the Oads.
By cross-referencing the results of in situ XAS analysis at Co, Pd,
and Ti K-edge, the ORR pathways are determined and presented
in Figure 6c.

3. Conclusion

In conclusion, this study highlights the development of a novel
heterogeneous catalyst, CP@Ti-1, featuring oxidized Ti-single
atoms uniformly coated on cobalt-oxide-supported Pd nanopar-
ticles, with oxygen vacancies introduced in both the oxidized Ti-
single atoms and the cobalt-oxide support. The CP@Ti-1 cata-
lyst exhibits remarkable oxygen reduction reaction (ORR) activ-
ity, achieving mass activities of 9725 mA mgTi−1 at 0.85 V and
1244 mA mgTi−1 at 0.90 V versus RHE under alkaline condi-
tions. These values significantly surpass the performance of the
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Figure 5. a) The schematic representation of the in situ XAS experiment setup and the electrochemical cell. b) In situ XANES c) 1st derivative, d) FT-
EXAFS spectra and e) wavelet patterns of the CP@Ti-1 catalyst at the Co K-edge. f) In situ XANES g) 1st derivative, h) FT-EXAFS spectra and i) wavelet
patterns of the CP@Ti-1 catalyst at the Pd K-edge.
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Figure 6. a) In situ XANES and b) 1st derivative spectra of the CP@Ti-1 catalyst at the Ti K-edge. c) The ORR pathways on the surface of CP@Ti-1
catalyst.

commercial J.M.-Pt/C catalyst by 145-fold and 50-fold, respec-
tively. Furthermore, the CP@Ti-1 catalyst demonstrates excep-
tional durability, retaining its full performance after 20000 cy-
cles of accelerated degradation testing. In situ X-ray absorption
spectroscopy (XAS) reveals that the synergistic interactions be-
tween oxygen vacancies in Ti/Co atoms and adjacent Pd domains
enhance key reaction steps in ORR, such as oxygen splitting and
hydroxide ion formation, thereby boosting overall catalytic effi-
ciency. This work not only establishes a cost-effective and highly
efficient ORR catalyst but also deepens the understanding of the
relationship between catalyst structure and performance, paving
the way for future advancements in ORR catalysis for both re-
search and industrial applications.

4. Experimental Section
Preparation of Catalysts: The ternary heterogeneous catalyst compris-

ing uniform coating of Ti-single atoms on the cobalt-oxide-supported Pd
nanoparticles was synthesized using a carefully controlled approach that
involved ion chemisorption followed by quick reduction and ambient an-
nealing. The size and dispersion of Ti-atoms were precisely managed by
adjusting themolar ratios of Ti/Pd and controlling the reaction time during
chemisorption and reduction of Ti4+ ions. In this study, the acid-treated

carbon black pearls (BP-2000) were used as a substrate to grow the cata-
lyst. The acid treatment involved immersing the black pearls in H2SO4 at
80 °C for 6 h, followed by thorough rinsing with deionized (D.I.) water until
the pH of the rinsing water reached 6.0. In the first step, 6 g of 1.0 wt.% BP
solution in D.I. water and Polyvinylpyrrolidone (PVP) (i.e., 60 mg of BP) is
dispersed in 3.06 g of an aqueous 0.1 m cobalt (II) chloride (CoCl2, 99%,
Sigma–Aldrich Co.) solution and stirred at 600 rpm for 4 h followed by
the reduction of Co2+ ions via sodium borohydride (NaBH4; 99%, Sigma–
Aldrich Co.) (0.11 g of NaBH4 in 5.0 mL of D.I. water solution) form-
ing metastable Co metal NPs, which subsequently oxidized to Co-oxide
(CoOx). Herein the weight ratio of Co/BP is 30 wt.%. Next, 3.06 g of a
Pd precursor solution containing 0.306 mmoles of Pd metal ions (0.1 m)
was added to the CoOx-BP solution to grow Pd NPs on the CoOx domains
(designated as Co@Pd). Here it is worth mentioning that the Pd2+ ions
were reduced by excess NaBH4 added in the previous step. In this way,
the galvanic replacement reaction between Pd2+ and Co0 was restricted.
After synthesizing Co@Pd NPs, a Ti-precursor solution was added to dec-
orate the Ti-single atoms on the surface of Co@Pd. Prior to Ti-single atoms
decoration, the Co@Pd NPs underwent ultrasonication to create surface
defects, facilitating the surface anchoring of Ti species. To control the size
and distribution of Ti decoration, the molar ratio of Ti/Pd was set to 0.05
(i.e., 1 wt.% of Ti). Throughout this article, the Co@PdNPs decorated with
1 wt.% of Ti are referred to as CP@Ti-1.

Physical Characterizations: The atomic composition analysis of the
catalysts was conducted using inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES) with a Jarrell-Ash ICAP 9000 instrument.
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For structural elucidation, a combination of microscopy and X-ray spec-
troscopy techniques was employed. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images and
high-resolution transmission electron microscopy (HRTEM) images were
collected by Talos F200X (Thermo-Fisher) at the Electron Microscopy
Centre in the National Sun Yat-sen University, Taiwan. The aberration-
corrected HAADF-STEM (AC-HADDF-STEM) images and corresponding
Energy-dispersive X-ray spectroscopy (EDS) for elemental mappings are
acquired by Spectra 300 (Thermo-Fisher) at Instrumentation Center in Na-
tional Taiwan University. X-ray diffraction (XRD) patterns were obtained at
beamline BL-01C2 of the National Synchrotron Radiation Research Cen-
ter (NSRRC), Taiwan, using an incident X-ray wavelength of 0.6888 Å
(18.0 KeV). X-ray absorption spectroscopy (XAS)was employed to examine
electronic states and atomic arrangements. XAS spectra at Co K-edge, Pd
K-edge, and Ti K-edge were measured in fluorescence mode at beamlines
BL-17C and 01C1 of NSRRC, Taiwan. X-ray photoelectron spectroscopy
(XPS) analysis was conducted at beamline BL-24A1 of NSRRC, Taiwan, to
investigate oxidation states and surface compositions. Proposed oxygen
reduction reaction (ORR) pathways were validated through in situ XAS
inspections, performed using a custom single-compartment Teflon elec-
trochemical cell at the SP8-12B2 beamline of Spring-8, Japan.

Electrochemical Analysis: Electrochemical measurements were con-
ducted at a constant room temperature of 25 ± 1 °C using a potentiostat
(CH Instruments Model 600B, CHI 600B) equipped with a three-electrode
system. For the ORR experiment, a catalyst slurry was prepared by dispers-
ing 5 mg of catalyst powder in 1.0 mL of isopropanol (IPA) containing 50
μL of Nafion-117 (99%, Sigma-Aldrich Co.) as a conducting binder. Prior
to the ORR test, the mixture underwent 30 min of ultrasonication. During
the ORR test, 10.0 μL of the catalyst slurry was drop-cast onto a glassy
carbon rotating disk electrode (RDE) with an area of 0.196 cm2, serving as
the working electrode. A Hg/HgCl2 electrode, referenced to 0.242 V versus
the reversible hydrogen electrode (RHE) and saturated in KCl aqueous so-
lution, was used as the reference electrode. A graphite rod was employed
as the counter electrode to prevent Pt contamination. Cyclic voltammetry
(CV) and linear sweep voltammetry (LSV) data were acquired using scan
rates of 0.02 V s−1 and 0.001 V s−1, respectively. The potential ranges were
0.1 to 1.3 V versus RHE for CV and 0.4 to 1.1 V versus RHE for LSV, in
a 0.1 m KOH aqueous alkaline electrolyte solution (pH 13). During LSV,
the rotation rate varied from 400 to 3600 rpm. CV experiments were con-
ducted under a nitrogen (N2) atmosphere, while LSV experiments were
carried out under an oxygen (O2) atmosphere. The electrochemical sta-
bility of the catalyst was evaluated through an accelerated durability test
(ADT) conducted within a potential range of 0.5 –1.0 V versus RHE. The
ADT involved a scan rate of 0.05 V s−1 in an O2 atmosphere across mul-
tiple cycles to assess the catalyst’s performance over time.

For CO-stripping analysis, a glassy carbon electrode, Pt wire and
Ag/AgCl electrode were used as the working, counter and reference elec-
trodes, respectively. The adsorption of CO on the surface of the catalyst
was performed by purging CO into 0.5 m H2SO4 at 0.05 V (vs NHE) for
20 min. Then the CO stripping voltammetry was measured between−0.10
and 1.20 V (vs NHE) in N2 saturated 0.5 m H2SO4 solution at a scan rate
of 50 mVs−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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