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Abstract: As a catalyst, single-atom platinum may provide an
ideal structure for platinum minimization. Herein, a single-
atom catalyst of platinum supported on titanium nitride
nanoparticles were successfully prepared with the aid of
chlorine ligands. Unlike platinum nanoparticles, the single-
atom active sites predominantly produced hydrogen peroxide
in the electrochemical oxygen reduction with the highest mass
activity reported so far. The electrocatalytic oxidation of small
organic molecules, such as formic acid and methanol, also
exhibited unique selectivity on the single-atom platinum
catalyst. A lack of platinum ensemble sites changed the
reaction pathway for the oxygen-reduction reaction toward
a two-electron pathway and formic acid oxidation toward
direct dehydrogenation, and also induced no activity for the
methanol oxidation. This work demonstrates that single-atom
platinum can be an efficient electrocatalyst with high mass
activity and unique selectivity.

Platinum (Pt) is one of the most widely used catalytic
materials. Because of its high costs and rarity, minimizing Pt
usage while maximizing catalytic activity and selectivity has
been the focus of much research. The Pt nanostructure and its
catalytic properties are highly correlated. Numerous studies
have been attempted to control the sizes and exposed facets
of the Pt nanoparticles, form core–shell structures with
secondary metals, or modulate metal–support interactions.[1]

Recently, single-atom Pt catalysts were successfully pre-
pared, and these catalysts exhibited high catalytic activity.
Atomically dispersed Pt species were prepared on a MgO
support, and these species were found to be active for
propane combustion.[2] Single-atom Pt immobilized on FeOx

has been detected by electron microscopy, and this catalyst
exhibited high activity for CO oxidation or nitroarene
hydrogenation.[3] Isolated Pt atoms bound to alumina or
zeolites are active for CO oxidation.[4] Pt has also been doped
into a TiO2 or MoS2 surface on the atomic level, and these
catalysts exhibited high activity for photocatalytic or electro-
catalytic hydrogen-evolution reaction.[5] These single-atom
structures received much attention because their structure

would maximize Pt atom utilization with a very high activity
per Pt unit mass. However, the single-atom nature would also
significantly affect the selectivity. Many reactions require Pt
ensemble sites where more than two atoms in the reactants
are adsorbed together. The ensemble site effect on catalysis
was proved experimentally[6] and theoretically.[7] The absence
of a Pt ensemble in the single-atom Pt catalyst would
substantially change the reaction pathway compared with
that of conventional Pt nanoparticle catalysts.

Electrocatalytic reactions have been actively studied
because they can provide energy or chemicals in a more
environmentally friendly way.[8] In particular, the electro-
chemical production of hydrogen peroxide using a fuel cell
system has received increasing attention.[9] This approach
provides a simpler and safer method for the production of
hydrogen peroxide from hydrogen and oxygen compared with
the conventional Anthraquinone process or a gas-phase
reaction. Isolated single-atom Pt active sites are crucial for
achieving high selectivity to hydrogen peroxide from the
oxygen-reduction reaction.[7b, 10] Two adjacent active sites can
adsorb an oxygen molecule and eventually break the oxygen-
oxygen bond. Conventional Pt nanoparticle catalysts typically
follow a 4e¢ pathway (O2 + 4H+ + 4e¢!2H2O) to produce
water upon oxygen reduction. However, isolated Pt would not
be able to break the oxygen–oxygen bond, and the reaction
would follow a 2e¢ pathway (O2 + 2 H+ + 2 e¢!H2O2) to
generate hydrogen peroxide. Previous studies prepared iso-
lated atomic Pt sites by covering Pt nanoparticles with
a secondary material, such as Hg[10a] or amorphous carbon.[10b]

Although the approach that involves covering the Pt nano-
particles exhibited high selectivity for the production of
hydrogen peroxide, the mass activity was limited due to the
high proportion of occluded Pt atoms. Another interesting
example of the change in the reaction pathway involves the
electrocatalytic oxidation of small organic molecules. Formic
acid oxidation typically follows an indirect dehydration
pathway (HCOOH!H2O + COads) on conventional Pt nano-
particles. However, density functional theory (DFT) calcu-
lations and model surface studies have predicted that a single-
atom Pt would catalyze formic acid oxidation according to
a direct dehydrogenation pathway (HCOOH!2H+ +

CO2).[6c,7a] We previously demonstrated that atomically dis-
persed Pt deposited on octahedral Au nanoparticles followed
the direct pathway.[11] In addition, Pt nanoparticles covered
with Bi adatoms or cyanide ions can catalyze formic acid
oxidation following the direct pathway.[6c,12]

In this study, we prepared single-atom Pt supported on
TiN nanoparticles. Our previous DFT calculations predicted
that a single-atom Pt can be stabilized on a N-vacancy site on
the TiN support.[13] The isolated Pt atoms were confirmed
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using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and extended X-ray
absorption fine structure (EXAFS) analysis, and these atoms
exhibited unique electrocatalytic properties for oxygen
reduction, formic acid oxidation, and methanol oxidation.

Single-atom Pt deposited on a TiN support was prepared
using the incipient wetness impregnation (IWI) method.
When a small amount of Pt as low as 0.35 wt% was loaded
onto the support, single-atom Pt was observed but Pt
nanoparticles were rarely observed. However, higher
amounts of Pt typically generated nanoparticles. Three
different weight percentages of Pt were deposited onto the
TiN supports (i.e., 0.35, 2, and 5 wt %). Figure 1a shows the

TEM image of the 0.35 wt % Pt/TiN sample, and no detect-
able Pt nanoparticles were observed. Only TiN nanoparticles
were observed. However, its HAADF-STEM image, which is
shown in Figure 1b, indicated the presence of white points,
which are single-atom Pt. Additional HAADF-STEM images
are shown in Figure S1 in the Supporting Information. The
5 wt % Pt/TiN sample contained many Pt nanoparticles, as
shown in Figure 1c. Its HR-TEM images, which are shown in
Figure 1e and Figure S2, revealed many hemispherical Pt
nanoparticles spread on the TiN supports. The 2 wt % Pt/TiN
sample exhibited intermediate features that consisted of both
single-atom Pt and very small Pt nanoparticles, as shown in

Figure S3. For comparison, the 5 wt % Pt NP/TiN (Pt nano-
particles on TiN) sample was prepared using the ethylene
glycol (EG) method.[14] Here, the Pt nanoparticles were
separately prepared in the solution and then deposited on the
TiN support. The extent of wetness of the Pt nanoparticles on
the TiN supports was less than that of the Pt/TiN sample
prepared by the IWI method. The HR-TEM images indicated
that the Pt nanoparticles possessed more spherical shapes, as
shown in Figure 1 f and Figure S4. The particle size was
estimated from the TEM images, and the average size of the
Pt domain was 2.29� 0.63 nm in the 5 wt % Pt/TiN sample
and 2.00� 0.30 nm in the 5 wt% Pt NP/TiN sample. The
commercial Pt/C (20 wt % Johnson–Matthey) has an average
size of 2.36� 0.50 nm. The size distribution histograms are
shown in Figure S5.

While electron microscopy only provides limited infor-
mation on the specific local area, X-ray absorption spectros-
copy analysis can provide more representative information on
the overall structure. Figure 2a and c show the EXAFS
analysis data, and Table S1 shows the results from EXAFS
data fitting. The 0.35 wt % Pt/TiN sample exhibited a strong
peak at approximately 2 è and smaller wiggles at 2–3 è. The
Pt-Cl interaction is responsible for the strong peak at
approximately 2 è, and the smaller wiggles at 2–3 è are

Figure 1. a) TEM and b) HAADF-STEM images of 0.35 wt% Pt/TiN.
TEM and HR-TEM images of c,e) 5 wt% Pt/TiN prepared using the
IWI method and d,f) 5 wt % Pt NP/TiN prepared using the EG
method. Inset models are a schematic representation of each catalyst
(Pt; yellow, Ti; white, N: blue, and Cl: green).

Figure 2. a,c) Pt L3 edge k3-weighted FT-EXAFS spectra of the samples:
0.35 wt %, 2 wt%, and 5 wt% Pt/TiN prepared using the IWI method,
5 wt% Pt NP/TiN prepared using the EG method, 20 wt % JM Pt/C,
and Pt foil. Dots indicate experimental data, and the lines are the
fitted results. Magnitude of FT-EXAFS spectra of 20 wt% Pt/C was
doubled and 5 wt% Pt NP/TiN was tripled for easier comparison.
b,d) Pt L3 edge X-ray absorption near edge structure (XANES) of the
samples. Diagrams (a) and (b) show a direct comparison of single-
atom Pt catalyst (0.35 wt% Pt/TiN), Pt nanoparticles with a strong
interaction with TiN (5 wt % Pt/TiN), and Pt nanoparticles with
a relatively weak interaction with TiN (5 wt % Pt NP/TiN).
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due to small Pt–Ti and Pt–Pt interactions. The coordination
number of the 0.35 wt % Pt/TiN sample was 3.038 for Pt–Cl,
0.583 for Pt–Pt, and 0.573 for Pt–Ti, which indicates that the
single-atom Pt was primarily stabilized by chlorine ligands.
The Pt–Pt coordination number was much smaller than that
of typical Pt nanoparticles, thus confirming the presence of
isolated Pt atoms on the TiN support. A small interaction
between Pt and Ti was also observed, which indicated the
anchoring effect of the TiN surface. The interatomic Pt–Ti
distance was theoretically predicted to be 2.66 è when the Pt
atom was located on the N vacancy of the TiN surface without
any other ligand;[13b] based on EXAFS data fitting, this value
was determined to be 2.713 è. The experimental value is
slightly longer than the theoretical value, which is most likely
due to the strong Pt–Cl interaction elongating the Pt–Ti
distance. As the weight percentage of Pt increased, the
structural feature changed dramatically. The coordination
number for Pt–Cl decreased from 3.038 for the 0.35 wt% Pt/
TiN sample to 2.640 for the 2 wt% Pt/TiN sample and to 0.166
for the 5 wt % Pt/TiN sample, and the coordination number
for Pt–Pt increased from 0.583 for the 0.35 wt % Pt/TiN
sample to 3.371 for the 2 wt% Pt/TiN sample and to 8.310 for
the 5 wt% Pt/TiN sample. The 2 wt % Pt/TiN sample still
contained single-atom Pt along with Pt nanoparticles, and the
5 wt % Pt/TiN sample primarily contained Pt nanoparticles.
Interestingly, the 5 wt % Pt/TiN sample did not exhibit any
Pt–O interactions that typically appear in Pt nanoparticles at
1.6–1.7 è. The 5 wt% Pt NP/TiN and 20 wt % Pt/C exhibited
the Pt–O interaction with a coordination number of 0.671 and
1.285, respectively. The Pt/TiN sample prepared using the IWI
method appears to have a stronger metal–support interaction
between Pt and TiN with a more reduced Pt state than that of
the Pt NP/TiN sample prepared using the EG method.[14] The
stronger interaction most likely resulted in the more wetted
form of the Pt nanoparticles that were observed in Figure S2.

The Pt electronic structure was also observed using X-ray
absorption near edge structure (XANES) analysis, as shown
in Figure 2b and d. The white line peak in the XANES for the
Pt L3 edge corresponds to an electronic transition from 2p2/3

to unoccupied 5d states. A lower white line intensity indicates
that the Pt has a more reduced electronic structure. The white
line intensity was the highest for the 0.35 wt% Pt/TiN sample,
confirming the oxidized electronic structure of the single-
atom Pt. Previous studies on single-atom Pt also reported an
oxidized electronic structure for Pt.[2,3, 4c,5b, 15] The white line
intensity was much less for Pt nanoparticles supported on TiN
or carbon. Consistent with the EXAFS results, Pt/TiN
prepared using the IWI method exhibited an even smaller
white line intensity than did Pt NP/TiN or Pt/C, which
indicated that the Pt was in a more reduced state.

The oxygen-reduction reaction (ORR) was electrochemi-
cally performed in an acidic aqueous solution using a rotating
ring disk electrode (RRDE). The ORR can follow either of
a 4e¢ or 2e¢ pathway. Both oxygen atoms of the oxygen
molecule need to be adsorbed on surface active sites to
dissociate the strong O=O double bond. At least two adjacent
active sites are necessary for the 4e¢ pathway. The isolated
single-atom sites would not be able to break O=O bonds,
following the 2e¢ pathway. Figure 3 shows the oxygen

reduction currents measured on a disk electrode and the
H2O2 oxidation currents measured on a ring electrode. When
the RRDE was rotated, the H2O2 produced at the disk
electrode was radially transferred to the ring electrode and
then oxidized. The H2O2 selectivity can be calculated from the
ORR and H2O2 oxidation currents according to the following
equation: H2O2 selectivity (%) = (2 iR/N)/((iR/N) + iD) × 100,
where iR is the ring current, iD is the disk current, and N is the
collection efficiency (0.335 for the specific RRDE that we
have used). In comparison to the other samples, single-atom
Pt (0.35 wt % Pt/TiN sample) exhibited much smaller oxygen
reduction currents. However, the H2O2 oxidation currents
were surprisingly high, and the H2O2 selectivity reached 65 %.
The single-atom active sites were responsible for the high
selectivity towards H2O2. For the 2 wt% Pt/TiN sample, the
oxygen reduction currents increased but the H2O2 selectivity
decreased significantly to 20–30 %. All of the other samples
exhibited much higher oxygen reduction currents, but the
H2O2 selectivity was less than 5%. The 5 wt% Pt/TiN or
5 wt % Pt NP/TiN samples exhibited an even lower H2O2

selectivity than that of commercial Pt/C. The 0.35 wt % Pt/
TiN sample did not exhibit 100% selectivity for H2O2

production, which was most likely due to the presence of
a small amount of Pt nanoparticles that can catalyze the 4e¢

pathway. Although the Pt nanoparticles were barely observed
using electron microscopy, the Pt–Pt coordination number of
0.583 might indicate the existence of Pt nanoparticles. The Pt/
TiN samples with even lower Pt weight percentages were
prepared with 0.1 wt % and 0.05 wt%. These samples are
expected to have a higher portion of single-atom Pt than the
0.35 wt % Pt/TiN sample. The H2O2 selectivity values of the
0.05 wt % and 0.1 wt % Pt/TiN samples were higher than the
0.35 wt % Pt/TiN sample, reaching as high as 90 %. However,
oxygen reduction currents were greatly reduced as the
number of active sites decreased (Figure S6). Additionally,
the TiN support may cleave the O=O bond.[16] The acid-
treated TiN we used in this study, however, barely showed the
activity for the ORR as shown in Figure S7a.

Figure 3. a) Ring currents concurrently obtained during the ORR with
a potential maintained at 1.2 V for various samples: 0.35, 2, and
5 wt% Pt/TiN prepared using the IWI method, 5 wt% Pt NP/TiN
prepared using the EG method, and 20 wt% JM Pt/C. b) ORR polar-
ization curves in O2-saturated 0.1m HClO4 and c) H2O2 selectivity
calculated from the oxygen reduction current and the H2O2 oxidation
current.
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The activity of various Pt catalysts was compared. The
kinetic current was calculated using the Koutecky–Levich
equation (1/i = 1/iK + 1/iL, where i is the measured current, iK

is the kinetic current, and iL is the diffusion-limiting current)
at an overpotential of 0.25 V for two different pathways.
Because the kinetic currents contained both pathways to H2O
and H2O2, the current was separately calculated. The mass
activity was calculated by dividing the kinetic currents
towards H2O2 (for 0.35 wt% Pt/TiN) or H2O (for 5 wt % Pt/
TiN, Pt NP/TiN, and Pt/C) by the Pt mass, and the specific
activity was calculated by dividing the kinetic currents
towards H2O2 or H2O by the electrochemically active surface
area (ECSA). The ECSA was obtained by averaging the H
adsorption and desorption peaks that appeared during cyclic
voltammetry that was performed in an Ar-saturated 0.1m
HClO4 solution. Because the 0.35 wt% Pt/TiN sample did
not exhibit distinct H adsorption and desorption peaks, its
ECSA was calculated based on the assumption that all of the
Pt atoms are exposed. Figure 4 shows the comparison. The
single-atom Pt (0.35 wt% Pt/TiN) exhibited an order of

magnitude higher mass activity than the Pt nanoparticles
(5 wt % Pt/TiN, Pt NP/TiN, Pt/C). To the best of our knowl-
edge, the highest mass activity obtained for electrochemical
H2O2 production is 26 A per gram Pt at an overpotential of
0.05 V.[10a] When the mass activity was estimated at the same
overpotential, the single-atom Pt exhibited a record-breaking
high mass activity of 78 A per gram Pt. The specific activity of
the single-atom Pt was also higher than that for Pt nano-
particles.

The durability of the single-atom Pt catalyst is important
for practical applications. A chronoamperometry test was
performed to evaluate the durability by holding the potential
at 0.3 V. Although the reduction current decreased over time,
the selectivity towards H2O2 production was constant (Fig-
ure S8). The HAADF-STEM image shown in Figure S8b
indicates that the single-atom Pt remained after the durability
test. The ORR was performed, and the results before and
after the durability test were compared. The activity and
selectivity exhibited only slight decrease, which indicated that
the single-atom Pt possesses good stability.

The formic acid oxidation reaction (FAOR) and methanol
oxidation reaction (MOR) have been actively studied as an
anodic reaction for fuel cells.[17] These reactions are a good
probe for characterizing the nanostructure of electrocatalysts.
The FAOR follows either a direct dehydrogenation pathway
or an indirect dehydration pathway. The peak for the direct
pathway typically appears at 0.6–0.7 V, and the peak for the
indirect pathway appears at 0.9–1.1 V. Adsorbed carbon
monoxide (COad) produced in the indirect pathway is
a poisoning species on the Pt surface and oxidized to CO2 at
a high potential. The Pt nanoparticles typically follow the
indirect pathway, as shown for Pt/C in Figure S9a. The direct
pathway requires only 1–2 Pt atoms but the indirect pathway
needs at least 3–4 Pt atoms.[6b,c,7a] Therefore, only the direct
pathway would be possible for the 0.35 wt % Pt/TiN sample,
and this expected result was truly observed in Figure S9a. The
sample exhibited only one peak that corresponded to the
direct pathway. The 2 wt % Pt/TiN sample still followed the
direct pathway because of the single-atom Pt, and the mass
activity was even higher than that of the 0.35 wt % Pt/TiN

sample, which was likely due to Pt being in a more
reduced state. However, the peak for the indirect
pathway appeared at 0.95 V because of the co-
existence of Pt nanoparticles. The Pt nanoparticle
catalysts (i.e., 5 wt % Pt/TiN, Pt NP/TiN, and Pt/C)
exhibited decreased activity, and the peak for the
indirect pathway became dominant. Unlike the
FAOR, the MOR requires Pt ensemble sites because
all of the pathways for methanol oxidation include
COads. The single-atom Pt would not be able to
catalyze methanol oxidation, and this result was truly
observed in Figure S9b. The 0.35 wt % Pt/TiN sample
barely exhibited an oxidation current. As the Pt
content increased, the mass activity for methanol
oxidation increased. The Pt nanoparticles formed on
the TiN support exhibited higher activity than the Pt/
C catalyst. The TiN surface may aid in methanol
oxidation because of a bi-functional effect by provid-
ing hydroxy species.[13a, 18]

In conclusion, a single-atom Pt catalyst was prepared on
TiN nanoparticles using the incipient wetness impregnation
method, and this catalyst was used for electrochemical oxygen
reduction, formic acid oxidation, and methanol oxidation.
The 0.35 wt % Pt/TiN had almost exclusively atomic Pt, and
produced hydrogen peroxide following the two electron
pathway with a record-breaking high mass activity of 78 A
per gram Pt at an overpotential of 0.05 V. The single-atom Pt
catalyst followed reaction pathways very different from Pt
nanoparticles because of the absence of Pt ensembles.
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