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Unfortunately, given the high surface 
energy, single atoms are typically mobile 
and prone to aggregation.[2] The fabri-
cation of single atom catalysts that are 
stable during catalytic reaction remains 
a significant challenge. To this end, the 
key point is to develop suitable supports 
that possess strong interaction with the 
single metal atoms. So far, metal oxides 
and some porous materials (e.g., zeolites 
and carbon-based materials) have been 
demonstrated to be good candidates to 
stabilize single atoms.[1,3] The defects,[1a,d,e] 
voids,[1f,g] and particularly coordinatively 
unsaturated sites[3a] in the support mate-
rials are very important to anchor indi-
vidual metal atoms and maintain the high 
dispersion of single atoms.

Alternatively, a relatively new class of porous crystalline 
materials, metal–organic frameworks (MOFs), which have a lot 
of potential coordination sites, defects, and porosities to anchor 
metal atoms, might be ideal supports to stabilize single atoms 
for catalysis.[4] MOFs have been demonstrated to be excellent 
stabilizers for metal nanoparticles (NPs) and show their syner-
getic catalysis.[5] Differently from the inorganic supports with 
single atoms or metal NPs stabilized on their surfaces only, the 
MOF pores afford spaces for additional metal atoms introduced 
and would prevent them from aggregation. The metal-oxo 
clusters in MOFs can behave as oxygen-donor ligands to con-
nect additional metal ions.[6] The emerging structural defects 
in MOFs also create new sites to anchor the single metal 
atoms.[4e] More importantly, MOFs are able to provide affluent 
potential coordination sites ready for implanting single metal 
atoms by selecting suitable organic struts or via postsynthetic 
modification of functionalized bridging linkers.[7] Similarly to 
the intercalation of single metal atoms into the characteristic 
N-coordinating cavities in porous polymeric C3N4,[1d,3b] the por-
phyrin struts in MOFs involving four pyrrolic nitrogen sites in 
a square-planar geometry are very promising and offer inherent 
conditions to firmly trap single metal atoms. Therefore, por-
phyrinic MOFs might be ideal scaffolds for the intercalation of 
single metal atoms.[7c–e] Despite the great opportunity described 
above, unfortunately, to the best of our knowledge, single metal 
atom hosted by MOFs has never been reported thus far.

Herein, we demonstrate for the first time that MOFs are a 
class of promising supports/hosts to stabilize single metal 
atoms for efficient catalysis. A highly stable aluminum-based 
porphyrinic MOF, formulated as (AlOH)2H2TCPP (H2TCPP =  
4,4′,4″,4′″-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate),[7c] denoted 

It is highly desirable yet remains challenging to improve the dispersion and 
usage of noble metal cocatalysts, beneficial to charge transfer in photo
catalysis. Herein, for the first time, single Pt atoms are successfully confined 
into a metal–organic framework (MOF), in which electrons transfer from the 
MOF photosensitizer to the Pt acceptor for hydrogen production by water 
splitting under visiblelight irradiation. Remarkably, the single Pt atoms 
exhibit a superb activity, giving a turnover frequency of 35 h−1, ≈30 times that 
of Pt nanoparticles stabilized by the same MOF. Ultrafast transient absorp
tion spectroscopy further unveils that the single Pt atoms confined into the 
MOF provide highly efficient electron transfer channels and density func
tional theory calculations indicate that the introduction of single Pt atoms 
into the MOF improves the hydrogen binding energy, thus greatly boosting 
the photocatalytic H2 production activity.

Catalysis

Single-atom catalysts, as a new class of promising catalysts 
featuring atomically dispersed metal atoms anchored on sup-
ports, have drawn increasing attention.[1–3] With maximized 
atomic efficiency, single atom catalysts have shown excellent 
catalytic performance toward diverse reactions, including oxi-
dation, hydrogenation, water-gas shift, electrocatalysis, etc. 
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as Al-TCPP, in which infinite Al(OH)O4 chains are intercon-
nected by the porphyrin linkers into a 3D micro porous frame-
work, was employed for Pt(II) metalation into the porphyrin 
centers. Following a simple reduction, we obtained single Pt 
atoms based on the strong interaction with pyrrolic N atoms 
in the Al-TCPP (Scheme 1). The spherical aberration-corrected 
electron microscope observation and X-ray adsorption fine 
structure (XAFS) results unambiguously evidenced the pres-
ence of single Pt atoms inside the MOF. Remarkably, the 
resultant MOF incorporating with single Pt atoms (denoted 
Al-TCPP-Pt hereafter) exhibits an extremely high photocatalytic 
hydrogen production rate by water splitting, far superior to that 
of the reference catalyst, Pt NPs stabilized by Al-TCPP, under 
visible-light irradiation, thanks to the maximized Pt utilization 
in the former. In addition, ultrafast transient absorption (TA) 
spectroscopy characterization has been performed to reveal the 
involved mechanism for photocatalysis, that is, the single Pt 
atoms provide highly efficient electron transfer channels and 
hence greatly boost the photocatalytic activity. The density func-
tional theory (DFT) calculations further reveal that the intro-
duction of single Pt atoms into Al-TCPP not only contributes 
to the density of states near Fermi level but also improves the 
hydrogen binding energy.

The Al-TCPP was synthesized by the hydrothermal reaction 
of AlCl3·6H2O and H2TCPP at 180 °C. The Pt(II) ions were 
implanted into the center of porphyrin linkers in Al-TCPP 
through a simple liquid-phase reaction between Al-TCPP and 
K2PtCl4 to yield Al-TCPP-Pt(II), which was reduced at 180 °C in 
H2 atmosphere to obtain single Pt atoms inside Al-TCPP. The 
Pt contents are adjustable according to the loading amount of 
K2PtCl4 (Table S1, Supporting Information), and the obtained 
catalysts with Pt loadings of 0.07 ad 0.29 wt% are denoted Al-
TCPP-0.1Pt and Al-TCPP-0.3Pt, respectively.

The negligible difference between the X-ray diffraction pat-
terns of Al-TCPP and Al-TCPP-Pt indicates that the introduction 
of Pt does not bring about any influence on the crystallinity and 
structure of Al-TCPP (Figure S1, Supporting Information). N2 
sorption isotherms further indicate the porous structure can 
be well retained after Pt introduction (Figure S2, Supporting 
Information). Transmission electron microscopy (TEM) image 
does not exhibit observable particles (Figure 1a), probably due to 
the resolution limit of TEM. Delightedly, the existence of abun-
dant Pt single atoms can be evidenced by aberration-corrected 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM), which is a very powerful tool to 
discern individual heavy atoms in a localized area. As shown 
in Figure 1b, the bright spots in Al-TCPP-0.1Pt correspond to 
single Pt atoms with ultrasmall sizes between 0.1 and 0.2 nm 
uniformly dispersed inside Al-TCPP (Figure 1b, inset). The 
intensity profile also indicates isolated Pt atoms separated by 
≈0.5 nm (Figure 1c). Although there is still no obvious particle in 
the TEM image of Al-TCPP-0.3Pt (Figure S3, Supporting Infor-
mation), the aberration-corrected HAADF-STEM image clearly 
shows the presence of single Pt atoms and a little bit Pt clusters 
together (Figure S4, Supporting Information), indicating that 
slight Pt aggregation occurs with increasing Pt content.

Given that electron microscope generally provides structural 
information for specific local area only, XAFS analysis has been 
conducted to further acquire more overall structural informa-
tion on atomic distribution. X-ray absorption near-edge structure 
(XANES) analysis was first carried out to observe the electronic 
structure of Pt. It can be found that the white line peak corre-
sponding to an electronic transition from 2p2/3 to unoccupied 
5d states displays an obviously high intensity for Al-TCPP-0.1Pt, 
implying a more oxidized electronic structure of Pt.[1a,3c] It can 
be seen that the white-line intensity of Al-TCPP-0.1Pt is much 
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Scheme 1. Schematic illustration showing the synthesis of Al-TCPP-Pt for photocatalytic hydrogen production.
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higher than that of Pt foil (Figure 1d), indicating that Pt species 
is in the oxidized forms (Ptδ+) in Al-TCPP-0.1Pt. In contrast, 
the slightly lower white-line intensity of Al-TCPP-0.3Pt clearly 
shows the lower valence states of Pt in Al-TCPP-0.3Pt than that 
in Al-TCPP-0.1Pt.[1a,e] To obtain more information on the local 
structure of Pt, the extended X-ray absorption fine structure 
(EXAFS) spectra have been further performed. It shows that 
there is one prominent peak at ≈1.5 Å from the Pt-N contri-
bution with the absence of significant Pt-Cl (≈1.9 Å) or Pt-Pt 
(≈2.7 Å) bond in Al-TCPP-0.1Pt (Figure 1e), confirming that 
the single-atom Pt has been stabilized by nitrogen atoms and 
almost no (or very few) Pt particles or clusters exist in Al-TCPP-
0.1Pt. This can be further proved by basically only the Pt-N peak 
in the fitting result (Table S2, Supporting Information) and is 
also in good agreement with the above HAADF-STEM result 
(Figure 1b and Figure S5, Supporting Information).[1a,e] As the 
weight percentage of Pt increases, the structural feature changes 
dramatically. It can be seen that the Al-TCPP-0.3Pt presents two 
evident peaks at around 1.5 and 2.7 Å, suggesting the coexist-
ence of single-atom Pt and Pt clusters (Figure 1e and Figure S6, 
Supporting Information), which also explains the lower valence 
states of Pt in Al-TCPP-0.3Pt than that in Al-TCPP-0.1Pt men-
tioned above. The carbon monoxide (CO) adsorption behavior 
of Al-TCPP-0.1Pt was also investigated using diffuse reflectance 
infrared Fourier transform (DRIFT) spectroscopy. Generally, 
infrared spectroscopy using CO as the probe molecule is a fast 
and convenient characterization method to directly identify 
single atoms from nanoparticles. It is a nonlocal characteriza-
tion compared with HAADF-STEM and provides solid evidence 
for the formation of single Pt atoms. In our DRIFTS measure-
ments for Al-TCPP-0.1Pt, upon purging with Ar to remove any 

loosely adsorbed species (gaseous CO), only a peak centered 
at 2090 cm−1 was observed, which was assigned to CO chemi-
sorbed on single Pt atoms (Figure 1f). The symmetric property 
of the peak indicates the uniform structure of the single Pt 
atom, which is similar to previous reports.[1i,2d] As we expected, 
no band appears in the range 2080–2030 and 1920–1950 cm−1 
assignable to the linear- and bridged-adsorbed CO on Pt clus-
ters and NPs, implying that all Pt species would be atomically 
dispersed.[1a] More importantly, the CO chemisorption peak 
remains intact during the Ar purge, which suggests a lack of 
interaction between adsorbed CO molecules (so called dipole–
dipole coupling correlation) and further confirms the existence 
of single Pt atoms.

For comparison, Pt NPs of ≈3 nm stabilized by Al-TCPP 
(denoted Al-TCPP-PtNPs) were also synthesized (Figures S7 
and S8, Supporting Information). The optical properties were 
first evaluated using UV–vis absorption spectra (Figure 2a). The 
Al-TCPP shows a broad and strong absorption in the region 
of 200–800 nm due to the feature of the porphyrin ligand. 
The introduction of single Pt atoms or Pt NPs into the MOF 
does not cause significant change in the absorption spectra, 
revealing their similar light absorption behavior. Photolumi-
nescence (PL) spectra for Al-TCPP-0.1Pt and Al-TCPP-PtNPs as 
well as the pristine Al-TCPP were measured under excitation 
at 400 nm (Figure 2b). The steady-state PL spectra show that 
the two PL bands centered at ≈650 and 750 nm are strong for 
Al-TCPP, while they become much weaker for Al-TCPP-PtNPs 
and the weakest for Al-TCPP-0.1Pt. The obvious PL quenching 
indicates rapid electron transfer from Al-TCPP to Pt NPs and 
the most efficient electron transfer can be achieved in the pres-
ence of single Pt atoms. Photocurrent measurements unveil 
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Figure 1. a) TEM and b) aberration-corrected HAADF-STEM images of Al-TCPP-0.1Pt, c) line-scanning intensity profile obtained from the area high-
lighted with red circle in (b). d) The normalized XANES spectra at the Pt L3-edge of Al-TCPP-0.3Pt, Al-TCPP-0.1Pt, and Pt foil. e) Fourier transformed 
(FT) k3-weighted χ(k)-function of the EXAFS spectra for Al-TCPP-0.3Pt, Al-TCPP-0.1Pt, K2PtCl4, and Pt foil. f) DRIFT spectra of CO adsorbed on Al-
TCPP-0.1Pt after being purged with Ar gas for different time lengths.
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the charge-separation efficiency of catalysts and agree with the 
PL results. As expected, Al-TCPP-0.1Pt possesses the strongest 
photocurrent response among all samples (Figure 2c), indi-
cating that the recombination of photogenerated electrons and 
holes is mostly inhibited and the best charge transfer from Al-
TCPP to single Pt atoms under visible-light irradiation. The 
results can be further supported by electrochemical imped-
ance spectroscopy (EIS) investigations, in which Al-TCPP-0.1Pt 
exhibits the smallest resistance, reflecting its fastest inter-
facial charge transfer between Al-TCPP-0.1Pt and medium 
(Figure 2d).

Encouraged by the above characterization results, we fur-
ther examined the photocatalytic H2 production by water split-
ting, using triethanolamine as sacrificial agent and CH3CN 

as solvent under visible-light irradiation. As demonstrated in 
previous reports on MOF photocatalysis,[8] the organic linkers 
with π conjugation as light harvester can be photoexcited 
transfer energy to M-oxo clusters via linker-to-cluster charge 
transfer mechanism. The electrons can be then transferred 
to the cocatalyst for reduction reaction. In our system, as the 
Al-oxo chains cannot accept electrons from the porphyrin 
linker, the photogenerated electrons would be directly trans-
ferred to the Pt cocatalyst. As displayed in Figure 3a, even if 
Al-TCPP exhibits strong visible-light absorption, it shows a 
negligible activity of 1.5 µmol g−1 h−1 possibly due to the fast 
electron–hole recombination. When Pt NPs are introduced, 
the Pt with a low overpotential is able to trap electrons and 
behaves as proton reduction sites. As a result, Al-TCPP-PtNPs 
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Figure 3. a) Photocatalytic hydrogen production rates of Al-TCPP, Al-TCPP-PtNPs, and Al-TCPP-0.1Pt (inset: the calculated TOFs of Al-TCPP-PtNPs 
and Al-TCPP-0.1Pt). b) Recycling performance comparison for Al-TCPP-PtNPs and Al-TCPP-0.1Pt.

Figure 2. a) UV–vis spectra, b) photoluminescence emission spectra, c) photocurrent responses, and d) EIS Nyquist plots for Al-TCPP, Al-TCPP-PtNPs, 
and Al-TCPP-0.1Pt.
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exhibits a much higher photocatalytic H2 production rate of 
50 µmol g−1 h−1. Delightedly, downsizing the Pt into single 
atoms, Al-TCPP-0.1Pt exhibits the best photocatalytic efficiency 
of 129 µmol g−1 h−1. Significantly, the calculated turnover fre-
quency (TOF) of Al-TCPP-0.1Pt reaches 35 h−1, ≈30 times that 
of 1.1 h−1 for Al-TCPP-PtNPs (Figure 3a, inset). Such a TOF 
value is higher than that of almost all previously reported 
Pt-MOF photocatalysts and even comparable to Pt/semicon-
ductor photocatalysts (Tables S3 and S4, Supporting Informa-
tion). The result unambiguously demonstrates that single-atom 
Pt cocatalyst with the maximized atomic utilization drastically 
boosts the photocatalytic activity even at a very low Pt content. 
In contrast, Al-TCPP-0.1Pt(II) without subsequent reduction 
displays negligible photocatalytic H2 production, further indi-
cating that the reduction of Pt(II) to single Pt atoms are crucial 
to the significant activity (Figure S9, Supporting Information). 
The control sample TCPP-0.1Pt obtained in a similar method 
to that of Al-TCPP-0.1Pt also exhibits poor activity toward H2 
production (Figure S10, Supporting Information), manifesting 
that the introduction of TCPP into MOFs realizes the sig-
nificant enhancement of photocatalytic performance. Accord-
ingly, the photocatalytic activity is further improved as the Pt 
loading increases. The Al-TCPP-0.3Pt exhibits a higher rate of 
181 µmol g−1 h−1, whereas its TOF only reaches 11.8 h−1 due to 
its low atom efficiency of Pt clusters, which has been confirmed 
previously (Figures 1d,e and Figure S11, Supporting Informa-
tion). The stability of the samples has been verified by recycling 
experiments. Both samples demonstrate no noticeable change 
in the hydrogen-production rate during the four catalytic runs 
(Figure 3b). The powder X-ray diffraction after catalytic recy-
cles supports the well-retained crystallinity and structural 
integrity of both catalysts, suggesting their high stability under 
photocatalytic conditions (Figure S12, Supporting Information). 
Given the mobility of single atoms, we further confirmed the 
stability of Pt single atoms by TEM and HAADF-STEM observa-
tion. Delightedly, no particle observed in the TEM and HAADF-
STEM images reveals that the Pt still remains the form of iso-
lated atoms in Al-TCPP without aggregation (Figures S13 and 
S14, Supporting Information). Combined with recycling experi-
ments in the photocatalytic process, these results well demon-
strate the stability of single-atom Pt cocatalyst in Al-TCPP.

The information above highlighted the niche of stabilizing Pt 
single atoms by Al-TCPP for the photocatalytic activity enhance-
ment. As the catalysis is grounded on a charge-transfer event 
following photoexcitation, it is essential to gain insights into the 
mechanism involved. Therefore we resorted to a robust tool, 
ultrafast TA spectroscopy,[9] to track in real time the charge carrier 
dynamics in these nanocomposites. In the TA measurements, 
we adopted a pump–probe configuration with femtosecond UV 
pump and white-light-continuum probe (see Section S1, Sup-
porting Information). The pump laser was chosen at 400 nm 
(center wavelength), which can effectively excite the samples 
(refer to the UV–vis spectra in Figure 2a). Since the registered TA 
kinetic profiles show no essential variation at different probing 
wavelengths within 520–640 nm, we here show a representative 
set of data taken at 540 nm (Figure 4). For pristine Al-TCPP, 
following a positive-value excited-state absorption signal after 
photoexcitation, it features an extremely long recovery (with a 
dominant ultraslow decay component τ >> 4 ns). On the basis 

of the previous observations in typical MOFs,[10] this slow decay 
process can be ascribed to a long-lived intermediate state, where 
the photoexcited electrons get trapped and can hardly be utilized 
for the redox reaction in solvent. In stark contrast, Al-TCPP-
PtNPs exhibits an obvious acceleration of the TA kinetics, 
featuring a shorter, dominant time constant τ = 861 ± 103 ps. 
Similarly to the previous reports on other nanocomposites,[11] 
the incorporation of noble metal into MOFs can bring about an 
additional electron-transfer channel and the observed accelera-
tion should be attributed to this channel opening. The electron-
transfer channel from Al-TCPP to Pt realizes the spatial sepa-
ration of photoexcited charge carriers, thereby suppressing the 
detrimental electron–hole combination therein. More impor-
tantly, it turns out that the loading of single atoms leads to a 
much pronounced acceleration. The biexponential fitting results 
for Al-TCPP-0.1Pt are τ1 = 2.2 ± 0.2 (50%) and τ2 = 200 ± 8 ps 
(50%), with an average relaxation lifetime of 198 ± 8 ps, dramati-
cally shortening the lifetime of Al-TCPP-PtNPs by more than 
fourfold. Clearly, downsizing Pt NPs into single atoms achieves 
stronger interaction between Al-TCPP and the noble metal, and 
hence results in greatly enhanced charge separation, which defi-
nitely benefits the catalytic performance.

The above experimental results demonstrate that the small 
content of single Pt atom leads to significantly enhanced photo-
catalytic H2 production. We further performed DFT-based first-
principles calculations to gain the fundamental insight into the 
role of single Pt atom in Al-TCPP-0.1Pt (see Section S3, Sup-
porting Information). According to the density of states analysis 
(Figure S15, Supporting Information), Al-TCPP and Al-TCPP-
0.1Pt possess nearly identical band gap and similar electronic 
states near the Fermi level, implying that they would show sim-
ilar light absorption behavior, which is consistent with experi-
mental findings; moreover, the single Pt atom in Al-TCPP-0.1Pt 
contributes to the states of valence band. Remarkably, Al-TCPP-
0.1Pt exhibits significantly improved H binding free energy 
(ΔGH*) after the separation of electron and hole. As shown 
in the Figure 5a, the hole-involved Al-TCPP-0.1Pt (Figure 5b) 
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Figure 4. Comparison of the ultrafast TA kinetics (pump at 400 nm and 
probe at 540 nm) for Al-TCPP, Al-TCPP-PtNPs, and Al-TCPP-0.1Pt.
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has a very appealing ΔGH* of 0.05 eV, which would guarantee 
both efficient electron-proton acceptance to form H* and fast 
hydrogen desorption. In comparison, the ΔGH* of Al-TCPP-
PtNPs (modeled with Pt147 cluster, Figure 5d) and hole-involved 
Al-TCPP (Figure 5c) are identified to be −0.37 and −1.09 eV, 
respectively, indicating strong hydrogen adsorptions and unfa-
vorable hydrogen releases. Therefore, the superior photocata-
lytic activity of Al-TCPP-0.1Pt toward hydrogen production 
might be due to the effect of single Pt atom on optimizing H 
binding and electronic properties, followed by Al-TCPP-PtNPs 
and Al-TCPP, in good agreement with experimental results.

In conclusion, we have developed a facile synthetic strategy 
to atomically dispersed Pt into an MOF, which was well dem-
onstrated by spherical aberration-corrected electron micro-
scope observation and XAFS results. Significantly, given that 
the single Pt atoms maximize the atom utilization, the Al-
TCPP-0.1Pt catalyst exhibits superb visible-light photocatalytic 
efficiency in hydrogen production. The achieved TOF value is  
≈30 times than that of Pt NPs (≈3 nm) stabilized by Al-TCPP as 
well as that of all previously reported Pt-MOF composites on a 
per-Pt-atom basis. Spectroscopic characterizations and DFT cal-
culations revealed that the introduction of single Pt atoms into 
Al-TCPP opens a highly efficient electron transfer channel and 
improves the hydrogen binding energy, which lead to signifi-
cantly enhanced activity of H2 production. The current study 
highlights the great potential and advantages in the formation 
of metal single-atom catalysts based on MOF systems. This 
work not only opens an avenue to the synthesis of single metal 
atoms stabilized by MOFs and provides a deep understanding 
of the electron-transfer mechanism for single metal atoms 
involved in MOFs but also stimulates further studies toward 
developing more efficient visible-light-responsive MOFs for 
photocatalysis utilizing solar energy.

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