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Abstract: Solar-driven CO2 methanation with water is an important route to simultaneously address carbon neutrality
and produce fuels. It is challenging to achieve high selectivity in CO2 methanation due to competing reactions.
Nonetheless, aspects of the catalyst design can be controlled with meaningful effects on the catalytic outcomes. We
report highly selective CO2 methanation with water vapor using a photocatalyst that integrates polymeric carbon nitride
(CN) with single Pt atoms. As revealed by experimental characterization and theoretical simulations, the widely explored
Pt� CN catalyst is adapted for selective CO2 methanation with our rationally designed synthetic method. The synthesis
creates defects in CN along with formation of hydroxyl groups proximal to the coordinated Pt atoms. The photocatalyst
exhibits high activity and carbon selectivity (99%) for CH4 production in photocatalytic CO2 reduction with pure water.
This work provides atomic scale insight into the design of photocatalysts for selective CO2 methanation.

Introduction

The solar-driven CO2 photoreduction into value-added
products is a fascinating way of simultaneously addressing
greenhouse gas emission challenge and producing profitable
fuel.[1] To this end, numerous photocatalysts have been
developed for CO2 photoreduction, including metal-contain-
ing materials (e.g., metal oxides,[2] metal sulfides,[3] metal–
organic frameworks[4]) and metal-free materials (e.g., gra-
phene oxide,[5] carbon nitride[6]). Despite the relatively high
selectivity for CO production, highly selective CO2 methana-
tion with water (i.e., the conversion of CO2 and H2O to CH4

without the assistance of sacrificial agent) is still a challenge
to photocatalysis.[7] It is well known that the photocatalytic
conversion of CO2 and H2O to CH4 is a typical multi-
electron reduction process.[8] Such a process sets up high
criteria for photocatalyst design: i) active sites should be
capable of accumulating abundant photogenerated electrons

to facilitate the conversion process; ii) the hydrogen atoms
generated from H2O reduction should be preferentially
delivered to the active sites, where CO2 is adsorbed and
activated, for forming C� H bonds instead of undergoing H2

evolution. As such, the design of active sites together with
semiconductor selection is the key to achieving highly
selective CO2 methanation via photocatalysis.

In terms of semiconductor selection, polymeric carbon
nitride (CN) is an attractive candidate for photocatalytic
CO2 reduction reactions owing to its visible-light response,
earth abundance and high stability.[6,9] However, the major
limitation for CO2 photoreduction originates from the C� N
forming π-conjugated planes along which charge migration
is impeded. As a result, the rapid recombination of photo-
generated carriers kinetically limits the efficiency of CO2

photoreduction over CN.[10] To overcome the limitation,
tremendous efforts, such as element doping,[11] heterojunc-
tion constructing,[12] and nanostructure tailoring,[6] have been
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devoted to maneuvering charge dynamics. Nevertheless,
these strategies are incapable of localizing photogenerated
electrons over the active sites where CO2 is adsorbed and
activated. For this reason, introduction of metal atoms to
the π-conjugated planes has been widely explored.[8b,13]

Taking advantage of C� N units, the metal atoms can be
facilely coordinated with the π-conjugated planes, which not
only serve as active sites to enhance catalytic performance[14]

but also facilitate charge separation and transport.[15] Among
the metals, Pt appears to be the best one for localizing
photogenerated electrons, and can be rationally engineered
into single-atom sites in integration with CN.[16] The single
Pt atoms have been proven to serve as active sites for
photocatalytic reactions along with C=N bond
reconstruction,[17] paving the way to exploring their potential
in photocatalytic CO2 methanation. Although such a catalyst
combination of Pt� CN meets the requirement for electron
localization, the application of photocatalytic CO2 methana-
tion still suffers from the competition reaction H2 evolution
that very easily takes place at Pt sites when H2O is employed
as hydrogen source. Certainly, the H2 evolution can be
suppressed to some extent by turning H2O supply to vapor
phase; however, the evolution of H atoms into H2 still
undoubtedly exceeds the formation of C� H bonds if the H
atoms are formed at the Pt sites. This situation raises a
fundamental question whether such a widely explored
Pt� CN catalyst combination can be reinvented to make the
electron-rich Pt sites preferentially work for CO2 activation
while the formation and supply of H atoms take place at
other sites of π-conjugated planes.

In this work, we rationally developed a synthetic method
for controlling the local environment of single-atom Pt to
reinvent the Pt� CN catalyst combination. In the reinvented
configuration, isolated Pt atoms were coordinated with CN
to localize photogenerated electrons as evidenced by light-
assisted Kelvin probe force microscopy (KPFM) and time-
resolved surface photovoltage spectra (TR-SPV). More
importantly, our synthetic method created defects and
formed hydroxyl (� OH) groups in the CN in neighbor with
the coordinated Pt atoms. While the Pt sites were designated
for CO2 adsorption and activation, the neighbored � OH
groups made the formation of H atoms preferentially occur
on CN, overcoming the existing limitation of Pt� CN in
photocatalytic CO2 reduction. In situ Fourier-transform
infrared (FTIR) spectroscopy and density functional theory
(DFT) calculations indicated that the localized electrons at
Pt sites selectively activated the adsorbed CO2, which in turn
formed C� H bonds with the H atoms supplied from the CN.
In the meantime, the binding of *CO reaction intermediate
to Pt sites was substantially strengthened, avoiding the
formation of CO byproduct. Such a catalyst design enabled
the high carbon-based selectivity (99%) for CH4 production
in a pure water system. This work provides a new insight for
the design of photocatalysts at the atomic scale to tune
reaction pathways in multi-electron CO2 photoreduction
process.

Results and Discussion

The photocatalyst (noted as Pt@Def-CN) was prepared by
immobilizing the isolated Pt atoms on the defective CN, as
schematically illustrated in Figure 1a. First, a primitive CN
(noted as P-CN) was fabricated by thermal condensation
melamine. As shown in Figure 1b, the two typical X-ray
diffraction (XRD) peaks of P-CN centered at 13.2° and 27.4°
were attributed to the long-range ordered tri-s-triazine units
and the interlayer stacking of conjugated aromatic groups,
respectively.[18] Second, a defective CN (noted as Def-CN)
was synthesized through hydrothermal treatment of P-CN.
The XRD peak for Def-CN at 13.2° disappeared and a new
XRD peak arose at 10.7° with the increase of the hydro-
thermal treatment time (Figure 1b and Figure S1). This
reveals that the partial dissociation of the intralayer tri-s-
triazine units during the hydrothermal process results in the
formation of � OH groups. This feature was confirmed by
the appearance of a peak at 1084 cm� 1 and a broad peak at
around 3000–3600 cm� 1 for the vibration signals of C� O and
O� H in FTIR spectroscopy (Figure 1c).[19] Third, the single
Pt cationic groups were introduced precisely to the defective
edges of the Def-CN, in which the coordination as well as
the electrostatic force between the Pt cationic groups and
the negatively charged oxygen-containing functional groups
played the role, to form an intermediate. Finally, the
intermediate was calcinated at low temperature to tightly
bind the Pt atom with the CN material. The XRD peaks
(Figure 1b) and FTIR spectra (Figure 1c) of Pt@Def-CN are
the same as those of Def-CN while no other peaks appeared,
indicating that the presence of Pt atoms did not affect the
structure of the CN materials.

To resolve the distribution of Pt on the Pt@Def-CN
catalyst, aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-
STEM) was employed to characterize Pt@Def-CN. Fig-
ure 1d and e clearly showed that a large number of bright
spots corresponding to heavy Pt atoms were atomically
dispersed on the defective support while no obvious
agglomerated Pt clusters or particles were observed, suggest-
ing that Pt species were mainly distributed as isolated atoms
on the Def-CN support. Furthermore, energy-dispersive
spectroscopy (EDS) mapping revealed the uniform disper-
sion of Pt atoms on the support materials (Figure 1f). The Pt
loading content of Pt@Def-CN was as high as 1.08 wt%
measured by inductively coupled plasma-mass spectrometry
(ICP-MS). Note that at such a high Pt loading, no Pt clusters
or particles were found by transmission electron microscopy
(TEM) (Figure S2). Taken together, the characterizations
indicated that Pt was successfully loaded on the surface of
the catalyst in the form of single atoms.

To determine the local coordination structure of single
Pt atoms, the catalyst was further examined by X-ray
absorption fine structure spectroscopy (XAFS). Figure 2a
showed the normalized Pt L3-edge X-ray absorption near-
edge structure (XANES) spectra of the Pt@Def-CN cata-
lysts with reference to the standard Pt foil and PtO2. The
white-line intensity of the Pt@Def-CN was higher than that
of Pt foil and lower than that of PtO2, suggesting that single
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Pt atoms carried a partial positive charge (Ptδ+, 0<δ<4).
This finding was consistent with Pt 4f X-ray photoelectron
spectroscopy (XPS) which showed peaks shift toward higher
binding energies as compared with metal Pt (Figure S3). The
results illustrated the strong interactions between the single
Pt atoms and the support material, which would be
beneficial to electron transport.[20]

Fourier-transformed extended X-ray absorption fine
structure (FT EXAFS) in R space was performed to
determine the local structures of the single Pt atoms (Fig-
ure 2b). With reference to standard Pt foil, the Pt L3-edge
k3-weighted FT EXAFS of Pt@Def-CN sample displayed
one main peak at 1.57 Å and no peak corresponding to the
Pt� Pt bond (2.57 Å). This excluded the formation of
metallic crystalline Pt clusters or particles and confirmed the
sole existence of isolated Pt atoms, consistent with the AC-
HAADF-STEM results. To reinforce these results, wavelet-

transform (WT) contour plots of Pt@Def-CN, Pt foil and
PtO2 were analyzed (Figure 2c). Compared with those of the
Pt foil and PtO2, WT plots of Pt@Def-CN showed only one
intensity maximum at 3.9 Å� 1, which can be assigned to
Pt� N/C/O coordination. This suggested that the Pt atoms on
Pt@Def-CN existed as isolated Pt atoms without the
presence of metallic Pt crystalline structures.

Quantitative least-squares EXAFS was also used to
analyze the coordination of single Pt atoms in Pt@Def-CN
(Figure 2b, Figure S4, and Table S1). The analysis revealed
that the coordination number was 2.0�0.23 with the
distance of 1.94�0.03 Å, significantly lower than the coordi-
nation number of 6 at the center of the six-fold cavity and
the coordination number of 5 at the top of the five-
membered rings.[16] This illustrated that the Pt atoms were
dispersed on a defective structure of the CN network. Given
that Pt� O, Pt� N and Pt� C coordination can be hardly

Figure 1. a) Schematic illustration for the synthesis of the Pt@Def-CN. b) XRD patterns and c) FTIR spectra of P-CN, Def-CN and Pt@Def-CN.
d,e) AC-HAADF-STEM image of Pt@Def-CN. f) EDS mapping of Pt@Def-CN. Scale bar: d) 10 nm; e) 2 nm; f) 5 nm.
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distinguished, XPS characterization was also used to analyze
the coordination location of single Pt atoms on the support
surface. The N 1s spectra in Def-CN at 398.6, 399.6 and
400.7 eV, which were assigned to sp2-bonded nitrogen
C� N� C, sp3 tertiary nitrogen N� C3 and C� NHx, respectively
(Figure 2d).[21] After the introduction of single Pt atoms, the
XPS peaks of C� N� C, HN� C3 and C� NHx shifted toward
higher binding energies, indicating that the electron density
of N atoms was reduced by the coordination with single Pt
atoms.[16] In sharp contrast, the C 1s and O 1s XPS of
Pt@Def-CN did not display similar phenomena to the N 1s
XPS (Figure S3). This revealed that the unsaturated Pt
atoms were dispersed on the defect locations of the CN
material by coordination with two N atoms, as illustrated in
Figure 2e.

The photoreduction of CO2 performance for the as-
obtained photocatalysts was evaluated in a batch reactor
under simulated solar illumination conditions in a pure-
water system. Control experiments in dark or without the
photocatalyst did not show the evolution of CO or CH4,
suggesting that photocatalysts and light irradiation were
necessary for the photoreduction of CO2. The measurements
showed that Pt@Def-CN offered a CH4 evolution of

6.3 μmolg� 1h� 1, reflecting the high efficiency of our catalyst
in the photoreduction of CO2 to CH4 in a pure H2O system
(Table S2). The performance of CO2 photoreduction into
CH4 for Pt@Def-CN was enhanced by 20 and 3 times
compared with those of P-CN (0.3 μmolg� 1h� 1) and Def-CN
(2.1 μmolg� 1h� 1), respectively (Figure 3a). This demon-
strated that the Pt sites at the defect locations greatly
improved the CO2 photoreduction performance. In the
meantime, only a small fraction of photogenerated electrons
(about 3%) are used for side product H2 production,
indicating that the addition of Pt sites in our catalyst did not
significantly cause the promotion of H2 evolution. For

Figure 2. a) Normalized Pt L3-edge XANES spectra. b) k3-weighted Four-
ier-transform Pt L3-edge EXAFS spectra of Pt@Def-CN, Pt foil and
PtO2, and fitting curve of Pt@Def-CN in R space. The note *0.25
means that the curve value shown here is equal to the original value
multiplied by 0.25. c) WT of Pt@Def-CN, Pt foil and PtO2. d) N 1s XPS
spectra of Pt@Def-CN and Def-CN. e) Local atomic structure around
Pt. Color code: carbon is brown, oxygen is red, hydrogen is pink,
nitrogen is gray, and Pt is dark gray.

Figure 3. a) Conversion and carbon-based selectivity of photocatalytic
CO2 reduction with H2O into CO, CH4 and H2 over P-CN, Def-CN,
Pt@Def-CN, and PtNPS@Def-CN. Each value is the average of three
tests, and the standard deviation of these measurements is indicated
by error bars. b) Stability of Pt@Def-CN during six photocatalytic
cycles. c) GC-MS analysis of 13CH4 products for photocatalytic 13CO2

reduction over Pt@Def-CN.
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comparison, traditional metallic Pt nanoparticles (NPs) were
integrated with Def-CN to form a reference sample (namely,
PtNPs@Def-CN) (Figure S5). As shown in Figure 3a, the
main product of PtNPs@Def-CN is H2 (7.2 μmolg� 1h� 1) rather
than CH4 (1.7 μmolg� 1h� 1) under the same conditions.

Carbon selectivity is another key factor to the CO2

photoreduction performance. As a reference, P-CN showed
a low CH4 selectivity (25%) while the major product was
CO. After creating defects, the carbon selectivity for CH4

production was increased to 78% by Def-CN. Impressively,
our Pt@Def-CN showed the dramatically enhanced carbon
selectivity for CH4 production up to 99%, demonstrating
that the CO production was almost prevented. We also
examined the other half reaction—O2 production, which
turned out to undergo at a rate of 12.4 μmolg� 1h� 1 (Fig-
ure S6). It is noteworthy that the evolution rate ratio of CH4

to O2 approached to the stoichiometric ratio of 0.5,
manifesting that the reaction of CO2 with H2O took place
indeed.[22] Moreover, the CH4 evolution can be largely
maintained after six cycles of reactions (Figure 3b), as the
structure and morphology of catalyst remained unchanged
(Figures S7 and S8), illustrating the excellent durability of
our catalyst. Furthermore, the isotope labelling experiment
was used to verify the origin of CH4. The fragment peaks of
13CH4 can be detected at m/z=17, 16, 15, 14 and 13 when
13CO2 was used as the reactant (Figure 3c). In sharp contrast,
the product of 12CH4 displayed the fragment peaks at m/z=

16, 15, 14, 13 and 12 in the mass spectra with the 12CO2 gas
as the reactant (Figure S9). This confirmed that CH4 did
originate from the photocatalytic reduction of CO2. Taken
together, the measurements demonstrated that our Pt@Def-
CN catalysts offered high activity in photocatalytic CO2

reduction as well as high carbon selectivity for CH4

production.
To clarify the mechanism of the improved photocatalytic

performance, three elementary processes including light
absorption, charge separation and surface reactions should
be taken into consideration.[23] After loading Pt, Pt@Def-CN
did not show a significant difference in the UV/Vis diffuse
reflectance spectra (Figure S10), suggesting that the great
improvement in the photocatalytic performance by Pt@Def-
CN was not ascribed to the change of light absorption. We
thus looked into the other two factors—charge separation
and surface reactions.

To disclose the location of the photo-induced electrons
at the nanometer scale, light-assisted KPFM was employed
to characterize the system.[24] While the KPFM image of
Pt@Def-CN in the dark state showed the same features as
the atomic force microscopy (AFM) image (Figures 4a and
b), the contact potential difference (CPD) of the Pt@Def-
CN was about 50 mV (CPDdark). After light irradiation was
turned on, the CPD of the Pt@Def-CN was increased to
150 mV (CPDlight) (Figure 4c) although no change was
observed for image features. According to previous reports,

Figure 4. a) AFM topography image of Pt@Def-CN. KPFM image of Pt@Def-CN b) in dark and c) under light illumination. d) CPD profiles of dark
state and light state across the black line in (b) and red line in (c). e) TS-SPV response for P-CN, Def-CN, and Pt@Def-CN. f) Steady-state PL
spectra of P-CN, Def-CN, and Pt@Def-CN.
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surface electron concentration should be positively corre-
lated with the change of surface potential.[25] The surface
potential across the Pt@Def-CN sample under light irradi-
ation was nearly 100 mV higher than that in dark state
(Figure 4d). In sharp contrast, the change of CPD for P-CN
and Def-CN was substantially smaller than that of Pt@Def-
CN after turning on light (Figures S11 and S12). This
indicated that more photogenerated electrons were localized
on the surface of the Pt@Def-CN catalyst during the
illumination process.

TR-SPV measurements were further employed to track
the dynamical features of the photogenerated charge
carriers (Figure 4e).[26] In the initial stage of photovoltage
generation (at �10� 6 s), the obtained samples all showed a
negative photovoltage response as the separation of photo-
generated charges was dominated by the trapping of photo-
generated electrons on surface. Subsequently, a positive
photovoltage response occurred (at �10� 4 s) for P-CN.
Owing to the existing defects in the in-plane structure, no
positive photovoltage response was observed for Def-CN as
anticipated. In stark contrast, Pt@Def-CN maintained a
larger time scale (at �10� 5 s) and a high surface negative
voltage, suggesting that the isolated Pt atoms at the
defective edge served as trap states to localize more photo-
generated electrons on the catalyst surface.

Such an electron trapping effect by single Pt atoms
effectively reduced the recombination of photogenerated
charges, which in turn significantly suppressed the recombi-
nation-associated emission as demonstrated by steady-state
photoluminescence (PL) spectroscopy (Figure 4f). Def-CN
displayed a stronger intrinsic emission peak than P-CN due
to the existing abundant charge recombination centers.[27]

However, after the introduction of single Pt atoms at the
defect edges, Pt@Def-CN exhibited the significantly damped
emission, suggesting the reduced charge recombination rate.
It is worth mentioning that the PL intensity of Pt@Def-CN
is even dramatically weaker than P-CN, demonstrating that
the single Pt atoms at defect edge served as electron traps
indeed. Moreover, single Pt atoms can increase the utiliza-
tion efficiency of photogenerated charge carriers toward
redox reactions, as confirmed by photocurrent responses
and electrochemical impedance spectroscopy (EIS) (Fig-
ure S13). This fact should be beneficial for the 8-electron
CO2 reduction process kinetically.

To better demonstrate the role of single Pt atoms, a
series of catalysts with different loading amounts of single
atoms Pt were synthesized (Figure S14). The number of
electrons participating in the reaction was boosted by
increasing the amount of single Pt atoms (Figure S15),
suggesting that single Pt atoms can effectively improve the
utilization rate of photogenerated electrons. Notably, the
single Pt atoms-based catalysts exhibited the high selectivity
for CO2 methanation versus H2 evolution, which urged us to
reveal the key catalyst parameter to the product selectivity.
Accordingly, we identified the parameter based on the
performance of PtNPS@Def-CN, which turned out to mainly
produce H2 rather than CH4 in the reaction. This finding is
consistent with the common feature reported in literature
that Pt is one of the best cocatalysts for efficiently collecting

photogenerated electrons and promoting H2 evolution.[28]

Such a feature of Pt nanoparticles inevitably reduced the
selectivity of CO2 methanation. Taken together, the results
above proved that the Pt loading in the form of single atoms
has promoted the utilization of photogenerated electrons
specifically toward CO2 methanation.

Upon identifying the electron localization at single Pt
atoms, we are now in a position to decode the mechanism
for selective photocatalytic CO2 methanation. As CO2

adsorption is a prerequisite for CO2 photoreduction, we first
analyzed the CO2 adsorption behavior. Our measurement
showed that the CO2 adsorption capacity of Def-CN and
Pt@Def-CN was nearly ten times higher than that of P-CN
(Figure 5a), suggesting that the defective structure with
� OH groups facilitated the adsorption of CO2 on the
catalyst surface. Note that the three samples possess similar
morphology and hydrophilicity (Figures S16 and S17) but
different specific surface area and pore structure (Table S3
and Figure S18). The specific surface area increased from
9.6 m2g� 1 of P-CN to 19.6 m2g� 1 of Def-CN and 19.5 m2g� 1

of Pt@Def-CN. Furthermore, the activation of CO2 at the
active sites was demonstrated by in situ FTIR
spectroscopy.[3,29] As shown in Figure 5b, after exposing
Pt@Def-CN to CO2/H2O vapors and light, the peaks at 1236,
1319, 1597 and 1633 cm� 1 that should attributed to the
formation of HCO3

� arose. Such a HCO3
� intermediate was

derived from the CO2 captured by the � OH group.[30] A
*COOH absorption peak at 1766 cm� 1 appeared and then
reached equilibrium with increasing irradiation time owing
to equilibrium between *COOH consumption and CO2

adsorption.[31] Moreover, the signals of reaction intermedi-
ates such as *CHO (1396 and 1454 cm� 1), *CH2O
(1419 cm� 1) and *CH2 (1374 cm� 1) were detected.[30a,c,32] As
reported in literature, the direct breakage of C=O bond in
the *CH2O groups is kinetically slow, suggesting the
existence of an intermediate (*CH2OH) from *CH2O to

Figure 5. a) CO2 adsorption isotherm of P-CN, Def-CN and Pt@Def-
CN. b) In situ FTIR spectra for the CO2 reduction process over
Pt@Def-CN. c) Calculated free-energy diagram for CO2 reduction to
CH4 on the Pt@Def-CN catalyst and Def-CN catalyst.
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*CH2.
[30a] Once *CH2 was formed, it would easily evolve into

*CH4 by subsequent hydrogenation.[30a,33] Based on the
information gleaned above, we can summarize the reaction
pathway for photoreduction of CO2 into CH4 as follows:

CO2 ! *CO2 ! *COOH! *CO! *CHO! *CH2O!

*CH2OH! *CH2 ! *CH3 ! *CH4 ! CH4

To compare the reaction processes on Def-CN and
Pt@Def-CN, the thermodynamics of reactions from CO2 on
two surfaces were further investigated using DFT calcula-
tions (Figures 5c, S19 and S20). For CO2 reduction to CH4

on the Def-CN, the formation of *COOH and *CO were
highly endergonic processes with free enthalpy of 2.10 eV
and 1.98 eV, respectively. However, after incorporating Pt
on Def-CN, the free enthalpies of *COOH (0.75 eV) and
*CO (� 0.23 eV) were lowered, thereby turning the thermo-
dynamic limiting step to the formation of *CH2 (1.92 eV).
Furthermore, we found that *CO can easily desorb from the
Def-CN surface, while desorption of *CO from the Pt@Def-
CN was a highly endergonic process (2.04 eV). This well
explained why the introduction of Pt single atoms turned the
product selectivity from CO to CH4.

Another puzzle for the Pt@Def-CN is the reason why
the use of Pt sites did not boost H2 evolution. It has been
reported that the reduction in the size of Pt nanoparticles
adversely affects the selectivity of CH4 during CO2

photoreduction.[34] To unravel the puzzle, we simulated the
binding of H atoms to Pt sites in our system. As illustrated
in Figure S21, the binding of H atoms to Pt sites is relatively
less stable than that to N most likely due to the presence of
� OH groups nearby the Pt sites and the adsorption of CO2

molecules at the Pt sites. As a result, the H atoms were
more preferentially combined with C� N rings, which sup-
pressed the H2 evolution and provided H source for C� H
bond formation. To support this argument, we calcinated
Pt@Def-CN in a relatively mild environment (250 °C) to
control the structural defects. With the extension of
calcination time, the structural defects slowly diminished
without the aggregation of single Pt atoms, and as a result,
the surface � OH groups were greatly reduced (Figure S22).
It turned out that without � OH groups, the yield of CH4

decreased significantly and the main product became H2

(Figure S23). Based on the examination of samples with
different defect concentrations, we can safely draw the
conclusion that the defects with � OH groups contribute to
the improvement of product selectivity toward CO2 metha-
nation.

Conclusion

In summary, a catalyst for photocatalytic CO2 methanation
with H2O was successfully designed at the atomic scale by
introducing single Pt atoms to defect locations of CN along
with creation of � OH groups. This photocatalyst exhibited
high photocatalytic CO2 reduction activity (6.3 μmolg� 1h� 1

CH4 evolution) and CH4 selectivity (99%) in a pure water
system. Thanks to the � OH groups, a large amount of CO2

was enriched over the catalyst surface. Subsequently, single
Pt atoms can localize the photogenerated electrons to
activate the adsorbed CO2 and to form CH4 by subsequent
hydrogenation. In the meantime, the photogenerated holes,
left on the CN, reacted with H2O to produce *H and O2 to
provide hydrogen source. During this process, single Pt
atoms effectively reduced the energy barrier of the rate-
limiting step to accelerate the reaction as well as increase
the *CO desorption energy to improve the selectivity of
CH4. Note that the Pt sites did not play a major role for H2

evolution, given the unique environment created by � OH
groups and adsorbed CO2. Taken together, our experimental
characterization and theoretical calculation have demon-
strated the mechanism that single Pt sites, CN defects and
� OH groups synergistically work for different functions.
This finding provides a new insight for the design of
photocatalysts at the atomic scale to trigger enhanced CO2

photoreduction into CH4.
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