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Low temperature catalytic conversions of CO to CO2 via oxi-
dation and water-gas shift (WGS) reactions are integral to 
several important processes, including the removal of CO 
from H2 for fuel cell applications (1, 2) and emission control 
in automobiles with catalytic converters (3). Supported no-
ble metal based catalysts, mainly Pt and Au, have been in-
tensively studied for the reactions during the past decade 
because of their excellent activity and stability at low reac-
tion temperatures. However, the reaction mechanisms are 
still highly debated, especially regarding the active site 
structures—single atoms (4–10) versus small Pt and Au na-
noparticles (NPs) (11–16). For instance, there have been dis-
agreements on the promotional effects of alkali cations in 
CO oxidation (17–20) and WGS (5, 10, 16, 21) reactions over 
supported Pt and Au catalysts. Some researchers attributed 
the promotional effects to the increased dispersion and ac-
tivity of Pt and Au single atoms (5, 10); others correlated it 
to the increased activity of Pt and Au NPs (16–21). These 
differences in reaction mechanisms and identification of 
active sites may have arisen from conclusions drawn from 
techniques that either provide statistically limited infor-
mation such as microscopy, or sample-averaged information 
such as x-ray absorption spectroscopy. More importantly, a 
direct observation of the catalytic performance of specific 
sites has long been lacking. 

Site-specific techniques that 
provide statistically sufficient 
information on site identifica-
tion and quantification as well 
as the activity evaluation of spe-
cific sites would make substan-
tial progress toward resolving 
these discrepancies. Infrared 
(IR) spectroscopy of CO on sup-
ported noble metal catalysts is 
widely used because of its sensi-
tivity to the atomic and electron-
ic structures of the binding sites 
(22–24). Work done by Yates et 
al. on TiO2 supported Au NPs 
showed that IR spectroscopy 
could identify the active site in 
CO oxidation (25) and that CO 
oxidation occurred within a zone 
at the perimeter of Au NPs sur-
rounded by TiO2 surface. Here, 
we show that IR spectroscopy 
with CO as a probe molecule can 
differentiate and quantify both 
Pt single atoms and NPs. We 
confirm the coexistence of Pt 
single atoms and NPs in many 
conventional catalysts and we 
observe that only the CO mole-
cules adsorbed on Pt NPs can 

react at low temperatures upon O2 or H2O exposure. Thus, 
the active sites in CO oxidation and WGS reactions are pre-
sent on the NPs but not on single atoms. 

CO molecules were adsorbed on a series of Pt catalysts 
with varying ratios of Pt single atoms to NPs to investigate 
the corresponding changes to the IR absorption bands. 
Mesoporous zeolite HZSM-5 (Si/Al ratio of 62, morphology 
shown in fig. S1) (26) was chosen as the catalyst support 
because Al atoms are strictly isolated in the zeolite frame-
work (27), providing isolated binding sites for Pt. The meso-
porous structure is introduced to facilitate the diffusion of 
an organometallic Pt precursor, trime-
thyl(methylcyclopentadienyl)platinum (MeCpPtMe3), to the 
Al sites. Pt was loaded on the mesoporous HZSM-5 via ei-
ther solution grafting at room temperature or vapor deposi-
tion at elevated temperatures (26). 

The IR spectra of adsorbed CO on four Pt/HZSM-5 sam-
ples with different loadings (Fig. 1A) reveal two sets of CO 
absorption bands centered at 2115 cm−1 and 2070 to 2090 
cm−1. Adsorbed CO was not present on the bare zeolite 
HZSM-5 sample under our experimental conditions (fig. S2), 
indicating that these two peaks originate from CO molecules 
adsorbed on two different Pt species. We assigned the IR 
peak at 2070 to 2090 cm−1 to CO molecules linearly ad-
sorbed in an a-top geometry on Pt0 atoms on single crystal 
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Identification and characterization of catalytic active sites are the 
prerequisites for an atomic level understanding of the catalytic mechanism 
and rational design of high-performance heterogeneous catalysts. Indirect 
evidences in recent reports suggest that Pt single atoms are exceptionally 
active catalytic sites. We demonstrate that infrared spectroscopy can be a 
fast and convenient characterization method to directly distinguish and 
quantify Pt single atoms from nanoparticles. In addition, we directly 
observe that only Pt nanoparticles show activity for CO oxidation and 
water-gas shift at low temperatures, while Pt single atoms behave as 
spectators. The lack of catalytic activity of Pt single atoms can be partly 
attributed to the strong binding of CO molecules. 
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or NP surfaces (28–30). The relative intensity of the IR peak 
at 2070 to 2090 cm−1 increased with the Pt loading, con-
sistent with the increasing amount of Pt NPs on the zeolite 
support as observed by TEM (figs. S3 and S4). In addition, 
the red-shift of the IR peak at 2070 to 2090 cm−1 during de-
sorption (Fig. 1B and fig. S5) correlated with changes in di-
pole-dipole coupling between CO molecules on a Pt crystal 
surface (28–30). 

A 0.5 wt % Pt/HZSM-5 sample, prepared from room 
temperature solution grafting, displayed several CO peaks in 
the polycarbonyl region (31, 32) (Fig. 1C). These peaks grad-
ually decreased in intensity as the temperature increased 
during the desorption process (Fig. 1C) and a new peak at 
2115 cm−1 emerged and eventually became the only peak in 
the spectrum. The peak transformation was reversed upon 
re-exposure to CO (fig. S6). These trends indicate that cati-
onic Ptδ+-polycarbonyl species formed initially upon CO ex-
posure, before transforming into Ptδ+-monocarbonyl upon 
purging and heating. The cationic nature of grafted Pt was 
confirmed by x-ray photoelectron spectroscopy (XPS) (fig. 
S7). Compared to the absorption band from CO bonded to 
Pt0 NPs, the CO band assigned to Ptδ+-monocarbonyl is less 
red-shifted from the gas phase value (2143 cm−1) because of 
decreased Pt d-electron back-donation to the CO π* anti-
bonding orbital. At short electron beam exposures, TEM 
(fig. S3) verified that Pt NPs were not present on the 0.5 wt 
% Pt/HZSM-5 sample prepared from room temperature so-
lution grafting, as expected for the absence of the 2070-2090 
cm−1 peak. However, the zeolite structures decomposed in 
the electron beam within 1 min, leading to the appearance 
of Pt NPs. The poor stability under electron beam exposure 
hinders the high-angle annular dark-field (HAADF) imaging 
of Pt species with atomic resolution in zeolites. In order to 
avoid the degradation of the support, we used Al-doped 
amorphous silica as the support. A 0.6 wt % Pt/SiO2(Al) 
sample prepared from room temperature solution grafting 
gave similar CO IR spectra to that of 0.5 wt % Pt/HZSM-5 
sample (fig. S8). Aberration-corrected HAADF images show 
that the Pt was dispersed on the surface predominantly as 
isolated single atoms (Fig. 1F and figs. S9 and S10). 

Based on the IR, TEM, and XPS results, we assigned the 
IR bands centered at 2115 cm−1 and 2070 to 2090 cm−1 to CO 
molecules adsorbed on Pt single atoms and NPs, respective-
ly, which allowed us to compare the oxidation activity of CO 
molecules adsorbed at different sites and investigate the 
active species in supported-Pt catalyzed CO oxidation. For 
all the Pt samples studied, only the CO molecules adsorbed 
on Pt NPs could be oxidized and subsequently desorb as CO2 
at reaction temperatures below 100°C. The IR peak at 2115 
cm−1, corresponding to CO adsorbed on Pt single atoms, re-
mained unchanged under the reaction conditions (Fig. 1, D 
and E, and fig. S5). This result clearly indicates the superior 
activity of Pt NPs compared to single atoms for CO oxida-
tion. 

The co-existence of Pt single atoms and NPs was also ob-

served in a variety of conventional, supported Pt catalysts. 
The IR spectra of CO adsorbed on 1 wt % Pt/SiO2, Pt/Al2O3 
(γ), Pt/TiO2 (anatase), and Pt/ZrO2 (monoclinic) at 100°C, all 
of which were prepared by incipient wetness impregnation 
and calcined at 400°C in air, are generally comprised of two 
types of CO bands (Fig. 2, A and B). The major CO bands 
centered at 2050 to 2080 cm−1 are identical to the band from 
CO adsorbed on Pt NPs shown in Fig. 1A. A red-shift of the 
major IR bands during argon purging was observed as well 
(fig. S11), implying the nanoparticulate nature of the CO 
adsorption sites. Besides the major band, each spectrum 
contains one or more shoulders on the higher frequency 
side. The band positions of these shoulders are similar, if 
not identical, to the band position that we have assigned to 
CO molecules adsorbed on cationic Pt single atoms (within 
20 cm−1). These shoulder bands have been observed previ-
ously (33–35), but were ambiguously assigned to CO ad-
sorbed on certain cationic Pt species. Based on our study 
with the model Pt/HZSM-5 system, we assign these bands to 
cationic Pt single atoms. Similar to the CO oxidation behav-
ior that we observed on Pt/HZSM-5 samples, the CO mole-
cules adsorbed on Pt NPs were quickly oxidized and 
removed upon O2 exposure, as indicated by the rapid drop 
in the major CO bands at 2050-2080 cm−1 (Fig. 2, A and B, 
and fig. S11). Meanwhile, the bands related to CO on Pt sin-
gle atoms remained unchanged regardless of the identity of 
the support. Thus, the IR technique can be used for identify-
ing the two Pt species on many conventional metal oxide 
supports in addition to the model Pt/HZSM-5 system. The 
co-existence of Pt single atoms and NPs in Pt/SiO2 was fur-
ther confirmed by aberration-corrected HAADF imaging, as 
shown in Fig. 2, C and D, and fig. S12. 

Microscopy can provide only statistically limited infor-
mation about the population of different Pt species. In this 
regard, IR spectroscopy can be used as a tool for site quanti-
fication, with a knowledge of the ratio of IR extinction coef-
ficients for CO molecules adsorbed on Pt single atoms and 
NPs. To obtain this number, we quantified the respective 
population of Pt single atom and NP- related CO adsorption 
sites in Pt/SiO2 using temperature programmed oxidation 
(TPO) coupled with mass spectrometry (26). As shown in 
Fig. 2F (full spectrum and extended discussion given in figs. 
S13 and S14), the first sharp CO2 peak is associated with the 
CO molecules adsorbed on Pt NPs. The second broader CO2 
peak, which extends from 150°C to 350°C, is from the CO 
molecules that were adsorbed on Pt single atoms, as evi-
denced by TPO-IR spectra (fig. S15). Based on our calcula-
tions, the CO molecules adsorbed on Pt single atoms and 
NPs correspond to ~11% and 10%, respectively, of the total 
Pt atoms in the 1 wt % Pt/SiO2 catalyst. From the peak area 
ratio derived from TPO-MS and IR spectra (Fig. 2, E and F) 
we obtain a ratio of IR extinction coefficients for CO mole-
cules adsorbed on Pt single atoms and NPs equal to ca. 0.12. 
This ratio can then be used for the quantification of CO ad-
sorption sites using IR spectroscopy. 
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The temperature programmed reaction (TPRx) spectra 
from CO oxidation with O2 under continuous flow condi-
tions over Pt/SiO2 and Pt/Al2O3 are shown in fig. S16. The 
activation energies were measured to be 90 kJ/mol and 95 
kJ/mol for Pt/SiO2 and Pt/Al2O3, respectively, in good 
agreement with the experimental and theoretical values re-
ported for supported Pt NPs (30). The TPRx-IR spectra of 
Pt/SiO2 (fig. S17) show negligible CO oxidation activity be-
low 150°C, as the Pt NPs surface is dominated by CO ad-
sorption in the presence of CO and O2. The Pt NP-related CO 
peak completely disappeared when the reaction tempera-
ture was increase to 160°C, accompanied with a constant 
formation of CO2 (fig. S17). In contrast, the Pt single atom-
related CO peak did not change significantly until the reac-
tion temperature was above 200°C (figs. S15 and S17). The 
rapid rise of CO oxidation activity is clearly associated with 
the abrupt change of CO coverage on Pt NPs, which further 
confirms that the active sites of supported Pt in CO oxida-
tion are Pt NPs but not single atoms. 

There are two possible explanations for the distinctly dif-
ferent reactivity of CO molecules adsorbed on the Pt NPs 
and single atoms. One is the size-dependence to O2 activa-
tion by Pt clusters. Small clusters have lower d-band centers, 
resulting in less electron back-donation to the antibonding 
orbital of O2 molecules and thus less efficient O2 activation 
(12). 

Another possible contribution to the observed reactivity 
may be the binding strength of the CO molecule to the dif-
ferent Pt species. We conducted a series of 12CO-13CO ex-
change experiments on the 1 wt % Pt/SiO2 catalyst to probe 
the respective binding strengths of CO molecules on the Pt 
NP and single atom sites. The IR bands of 13CO adsorbed on 
Pt single atoms and NPs both red-shift ~ 50 cm−1 compared 
to those of 12CO (Fig. 3A), consistent with reported values 
(28, 29). After the 13CO adsorption reached an equilibrium 
state at 100°C, 12CO was introduced to exchange with the 
pre-adsorbed 13CO. The IR peak related to Pt NPs shifted 
back to 2080 cm−1 in less than 30 s, indicating that the pre-
adsorbed 13CO on Pt NPs were rapidly replaced by 12CO. In 
contrast, the 13CO molecules adsorbed on Pt single atoms 
were only partially replaced by 12CO even after 18 min (Fig. 
3B and fig. S18). The stronger binding of CO to Pt single 
atoms than to Pt NPs resulted in substantially lower catalyt-
ic activity for CO oxidation. 

We also examined the WGS reaction over the Pt/SiO2 
catalyst in order to compare the reactivity of O2 and H2O 
with adsorbed CO, and also found that only CO molecules 
adsorbed on Pt NPs quickly reacted with H2O, releasing CO2 
(Fig. 4A). The CO molecules adsorbed on Pt single atoms 
remained intact upon H2O exposure at 100°C, further em-
phasizing the lack of activity by the Pt single atoms. 

In order to better understand the origin of the promo-
tional effect of alkali cations on Pt single atoms and NPs, we 
prepared a Pt-Na/SiO2 catalyst with 1 wt.% Pt and a Pt/Na 
molar ratio of 1/3. The WGS performance of Pt/SiO2 and Pt-

Na/SiO2 that we have observed confirms the promotional 
effect of Na cations (Fig. 4C). HAADF images show a higher 
dispersion of Pt in the Pt-Na/SiO2 case compared to the 
Pt/SiO2 catalyst (fig. S19), in agreement with the literature 
results (5, 10). The IR spectra show that the addition of Na+ 
greatly lowered the CO adsorption peak intensities, imply-
ing that Na+ could reside in and block CO adsorption sites 
(36, 37). However, the linear and bridge CO peaks corre-
sponding to Pt NPs of Pt-Na/SiO2 are red-shifted 30 and 90 
cm−1, respectively, compared to those of the Na-free sample. 
At a temperature up to 300°C, the introduction of H2O also 
only removed CO adsorbed on Pt NPs (Fig. 4B and fig. S20). 
Our IR data show that the promotional effect of Na+ in WGS 
reaction mainly originates from altering the properties of Pt 
NPs, not single atoms. It also appears that alkali metals 
could lower the CO surface coverage on Pt NPs. Thus, more 
sites remain available for the activation of O2 or H2O (17, 18). 
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Fig. 1. Spectroscopic and microscopic identification of Pt single atoms and NPs on HZSM-5 and SiO2 (Al 
doped). (A) IR spectra of CO adsorbed on different Pt/HZSM-5 after the desorption processes. Time-
dependent IR spectra of CO adsorbed on 2.6 wt % Pt/HZSM-5 (B) and 0.5 wt % Pt/HZSM-5 (C) during the 
desorption process. Time-dependent IR spectra of CO adsorbed on 2.6 wt % Pt/HZSM-5 (D) and 0.5 wt % 
Pt/HZSM-5 (E) during the oxidation process. (F) HAADF image of 0.6 wt % Pt/SiO2 (Al doped) with magnified 
image inserted and arrows to mark the single atoms. 
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Fig. 2. Identification and 
quantification of Pt single 
atoms and NPs on 
conventional supports. IR 
spectra of CO adsorbed on wet-
impregnated Pt/SiO2 and 
Pt/Al2O3 (A), Pt/TiO2 and 
Pt/ZrO2 (B) upon O2 exposure. 
(C and D) HAADF images of wet-
impregnated 1 wt % Pt/SiO2. 
The scale bars are 20 nm and 2 
nm for (C) and (D), respectively 
with magnified image inserted in 
(D) and arrows indicating the 
single atoms. (E) IR spectra of 
CO adsorbed on impregnated 
Pt/SiO2 before and after O2 
exposure; the difference 
spectrum shows the CO 
removed by O2; Kubelka-Munk 
unit is used for quantification. 
(F) CO2 signal monitored by MS 
during the TPO process of the 
pre-adsorbed CO on Pt/SiO2. 
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Fig. 4. Catalytic activity of Pt single atoms and NPs in WGS. Time-dependent IR spectra of CO adsorbed on 
Pt/SiO2 (A) and Pt-Na/SiO2 (B) upon H2O exposure. (C) Temperature programmed WGS reaction spectra over 
Pt/SiO2 and Pt-Na/SiO2. 

Fig. 3. 12CO-13CO exchange on 
Pt/SiO2. (A) Comparison of the IR 
peaks of 12CO and 13CO adsorbed 
on Pt/SiO2 before and after O2 
exposure; (B) Shift of the IR peaks 
at different 12CO exposure time 
after 13CO adsorption, the four 
spectra at the bottom were 
recorded after O2 exposure in 
order to show the CO peaks 
related to Pt single atoms. 
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