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Reductive CO2 Fixation by N-Formylation Reaction over Supported 
Pt Nanoparticle Catalyst Modified with Basic Polyoxometalates
Soichi Kikkawa,*a Yutaro Matsunaga,a Shoji Fukuda,a and Seiji Yamazoe*a

N-formylation reaction of amines using CO2 as a carbon source is a promising way to utilize CO2 to produce value-added 
chemicals. We herein developed supported Pt nanoparticle (NP) catalysts with a surface modified with a basic 
polyoxometalate, [Nb6O19]8−, by a simple adsorption method. The designed surface efficiently promoted the reductive CO2 
fixation by N-formylation reaction of secondary amines under CO2 and H2 conditions. The interface between the modified 
basic [Nb6O19]8− and Pt NP surface facilitated the hydrogenation of carbamate intermediates by the bifunctionality of H2 
activation and basicity. This work demonstrated that Pt NP surface design by a bottom-up modification with basic 
polyoxometalates facilitated N-formylation reaction using CO2 as a carbon source without the addition of any external base.

Introduction
The concentration of atmospheric carbon dioxide (CO2) is 
increasing year by year and the climate is deteriorating, 
although the relationship between CO2 concentration and 
climate is still under debate. Against this background, it is 
increasingly important to reduce the atmospheric CO2 
concentration by developing technology to capture and use CO2 
as a C1 building block.1 Among such technologies, much 
attention has focused on CO2 fixation into chemicals to produce 
value-added chemicals such as carbonates, formamides, 
carboxylic acids, ureas, and methylated products from the 
abundant and cheap CO2.2-8 In particular, formamides are 
widely applied in industry as raw materials. N-Formylation of 
amines to produce formamides is facilitated by reducing and 
carbonylation agents; however, toxic CO and phosgene have 
been employed as carbon sources. In recent years, the 
reductive N-formylation reaction has thus attracted attention 
to use CO2 as a carbon source instead of the direct insertion of 
CO.9-15 This reaction is facilitated by H2 as a reducing agent, 
which is atomic-economically more favored than organic 
silicones and only produces H2O as a by-product. 

The N-formylation reaction utilizing CO2 as a carbon source 
requires the activation of H2 and the hydrogenation of 
carbamate intermediates, which are easily formed from amine 
with CO2 under a high CO2 pressure.10, 11, 13, 15 Actually, the 
catalysts reported in homogeneous systems are equipped with 
two kinds of active sites for interaction with carbamate 
intermediates and for the activation of H2.10 Because of easy 
collection and regeneration for practical use, heterogeneous 

catalysts have been developed, of which active metal 
nanoparticles (NPs) such as Co,9 Cu,16 Pd,17 Pt,7 Au,18, 19 and Ir13, 

15 were dispersed on support materials. Bimetallic alloy NPs 
were reported to afford the bifunctional role of hydrogenation 
and interaction with the intermediates.17 Interfacial sites 
between metal NPs and the oxide support are also active for the 
efficient N-formylation reaction.16 For some systems, it was 
reported that the addition of a base is effective to promote the 
N-formylation reaction.10, 11 As mentioned above, the design of 
active sites of supported metal NP catalyst is essential to 
efficiently facilitate reductive CO2 fixation by the N-formylation 
reaction.

Composite materials of metal NPs with polyoxometalates 
(POMs) as protecting ligands have attracted attention because 
of their unique functionalities.20-26 POMs that consist of dozens 
of metal-oxo units coordinated to the surface of metal NPs due 
to the electronegativity of surface oxygen atoms and 
electronically interacted with the surface of metal NPs. POM–
metal NP composites have been widely applied, such as 
[SiW11O39]8−,20, 21 [P2W18O62]7−,26 [AlW11O39]9−,22 [P2W18O62]6−,20, 

26 and [Nb6O19]8−.21 We found that V-group POMs such as 
[Nb6O19]8−,27, 28 [Ta6O19]8−,27 and [Nb10O28]6− 29, 30 showed base 
catalytic activity for Knoevenagel condensation and CO2 fixation 
reactions. In particular, [Nb6O19]8− showed strong superbase 
catalysis for proton abstraction from C–H having pKa above 26.28 
Recently, we applied these basic POMs to modify the Al2O3-
supported Au NP catalyst and found that the design of a high-
density POM–metal NP interface afforded highly efficient 
hydrogenation of aromatic nitro compounds.23 Basic active sites 
of POMs stabilized the nitrophenolate intermediates, and the 
electronegative Au NP surface and the interfacial sites of the 
POM–metal NP surface facilitated H2 activation, leading to 
highly efficient hydrogenation of nitrophenolate intermediates. 
POMs were highly selectively modified on the surface of Au NPs 
by a simple adsorption method and the size distribution of Au 
NPs was maintained even after the modification. Such a 
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bottom-up modification enables us to design the surface of 
supported metal NP catalysts while maintaining the nature of 
the NPs, such as their size and shape. 

In this study, the surface of supported Pt NPs loaded on an 
Al2O3 support was decorated with basic POMs by an adsorption 
method, which were applied to the reductive N-formylation 
reaction of piperidine using CO2 as a carbon source. Our group 
has reported that N-formylation of various amines including 
piperidine proceeds under a CO2 and H2 atmosphere by using a 
Pt-containing Nb-based POM, [Pt(Nb6O19)2]12−, as a catalyst.7 Pt 
NPs modified with POMs were formed during the reaction; it 
was thus considered that the bifunctional catalysis of the 
basicity of POMs and the H2-activation property of Pt NPs 
promoted the N-formylation reaction. In this study, supported 
Pt NP catalysts modified with basic POMs ([M6O19]8-, M = Nb, 
Ta) were designed by controlling the concentration of K8M6O19 
aq. for the adsorption method. The Pt NP surface designed by a 
bottom-up modification with basic POMs facilitated the N-
formylation reaction using CO2 as a carbon source without the 
addition of any external base.

Results and Discussion

Figure 1. HAADF-STEM images of (a-1) 4.0Nb6-Pt/Al2O3 and (b-1) 4.0Ta6-
Pt/Al2O3. (a-2) EDX analysis of 4.0Nb6-Pt/Al2O3 from Nb K-edge (red) and Pt L-

edge (blue). (b-2) EDX analysis of 4.0Ta6-Pt/Al2O3 from Ta M-edge (green) and 

Pt M-edge (blue).

Supported Pt NPs loaded on Al2O3 support (Pt/Al2O3) were 
prepared by an impregnation method, followed by calcination and 
H2 reduction. Pt/Al2O3 was dispersed in an aqueous solution of 
basic K8M6O19 (M = Nb and Ta) and then dried in a vacuum. STEM 
images of Pt/Al2O3 showed that Pt NPs were highly dispersed on 
Al2O3 support and the mean particle size was 1.5 nm (Figure S1a). 
CO pulse titration also showed a similar particle size with 58% 
dispersion. After modification with [Nb6O19]8− (4.0Nb6-Pt/Al2O3) 
and [Ta6O19]8− (4.0Ta6-Pt/Al2O3) in excess K8M6O19 aq., the 
average particle sizes hardly changed (Figure S1b and Figure 
S1c). EDX line analysis of 4.0Nb6-Pt/Al2O3 showed that Pt L- and 
Nb K-edge fluorescent X-rays were detected at similar locations, 
indicating that [Nb6O19]8− clusters were highly selectively deposited 
on the Pt NP surface (Figure 1a). 4.0Ta6-Pt/Al2O3 also showed 

similar highly selective adsorption of [Ta6O19]8− (Figure 1b). The 
amounts of CO adsorbed by pulse titration were decreased by the 
[Nb6O19]8− and [Ta6O19]8− modification over 4.0Nb6-Pt/Al2O3 and 
4.0Ta6-Pt/Al2O3. Thus, part of the Pt NP surface was covered by 
POMs (Table 1). 

Table 1. Loadings of POMs and CO adsorbed on Pt surface determined by ICP 

analysis and CO pulse titration, respectively.

Sample K8M6O19
/Pt

Pt 
(wt%)

POM 
(wtM%)

[M6O19]8− 

(μmol/gcat)
Exposed Pt 
(μmol/gcat)

4.0Nb6-
Pt/Al2O3

4.0 4.6 0.89 14 135

1.0Nb6-
Pt/Al2O3

1.0 4.6 0.97 22 128

0.5Nb6-
Pt/Al2O3

0.5 4.7 1.38 23 133

0.1Nb6-
Pt/Al2O3

0.1 4.7 0.60 12 138

0.06Nb6-
Pt/Al2O3

0.06 4.7 0.47 8.5 142

0.03Nb6-
Pt/Al2O3

0.03 4.7 0.22 3.9 145

0.006Nb6-
Pt/Al2O3

0.006 4.7 0.036 0.6 147

4.0Ta6-
Pt/Al2O3

4.0 4.4 3.6 31 25

Pt/Al2O3 - 4.7 - - 145

Pt L3-edge X-ray absorption fine structure (XAFS) spectra 
revealed that the interaction between Pt NP surface and modified 
[Nb6O19]8− (Figure S2). X-ray absorption near edge structure 
(XANES) showed an increase in white line peak intensity by 
modification of [Nb6O19]8−, where the intensity was influenced by the 
modified amount of [Nb6O19]8−, indicating the electronic modulation 
of Pt by [Nb6O19]8−. Fourier transform (FT) of extended X-ray 
absorption fine structure (EXAFS) spectra showed the presence of 
the scattering peak of Pt–O in 4.0Nb6-Pt/Al2O3 other than that of 
Pt–Pt, while Pt/Al2O3 mainly showed the peak of Pt–Pt. Since the 
STEM images suggested that the particle size of Pt NPs maintained 
through the [Nb6O19]8− modification, the white line peak increase in 
XANES spectra and Pt–O scattering peak in FT of EXAFS spectra 
were owing to the addiction oxygen atom on Pt NP surface. Those 
indicated that the coordination of oxygen atoms of [Nb6O19]8− on Pt 
NP surface.

Nb K-edge XAFS revealed the structure of modified 
[Nb6O19]8−. FT of EXAFS spectra of 4.0Nb6-Pt/Al2O3 showed the 
scattering peaks of Nb–O and Nb–O–Nb, as shown in K8Nb6O19 aq. 
precursor (Figure 2a). 4.0Ta6-Pt/Al2O3 also showed that the Ta–
O and Ta–O–Ta scattering peaks were retained in FT of Ta L3-edge 
EXAFS spectra (Figure S3). These findings indicate that the 
modified clusters maintained the Lindqvist-type structure. The base 
property of adsorbed POMs was confirmed by the coloration of p-
nitrophenol to form phenoxide ion under basic conditions (Figure 
2b). The suspension of 4.0Nb6-Pt/Al2O3 or 4.0Ta6-Pt/Al2O3 
showed the color change to yellow as observed in the MeOH 
solution of p-nitrophenol with the addition of K8Nb6O19.
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Figure 2. (a) FT of Nb K-edge EXAFS spectra of 4.0Nb6-Pt/Al2O3 (red) and K8Nb6O19 aqueous solution (black). (b) UV-vis spectra of p-nitrophenol in MeOH solution 
(black) and that dispersed with Pt/Al2O3 (blue), 4.0Nb6-Pt/Al2O3 (red), 4.0Ta6-Pt/Al2O3 (green), and K8Nb6O19 (purple). (c) IR-DRIFTS spectra of Pt/Al2O3 (blue) and 
4.0Nb6-Pt/Al2O3 (red) under 5% CO/He. The samples were pretreated under O2 at 673 K for 15 min and then 5% H2/He at 673 K for 15 min.

IR-DRIFTS spectra using CO as a probe showed the C–O 
stretching vibration of on-top adsorbed CO species on the Pt 
surface. The absorption band of CO species was observed even 
after modification of [Nb6O19]8− and shifted from 2069 cm−1 to 2061 
cm−1 (Figure 2c). This low-frequency shift of on-top CO species 
compared to bare Pt NP surface of Pt/Al2O3 indicated the electronic 
modulation of Pt modified by [Nb6O19]8−.31, 32 Thus, we consider that 
the oxygen atoms coordinated to the Pt NP surface, as described 
in our previous reports on Au NPs modified with [Nb6O19]8−.23 

As for a series of XNb6-Pt/Al2O3, the loadings of POMs by 
ICP analysis and exposed Pt surface by CO pulse titration are 
summarized in Table 1. The loadings of [Nb6O19]8− increased with 
increasing concentration of K8Nb6O19 aq., while the adsorbed CO 
amount slightly decreased with increasing loadings of [Nb6O19]8−. 
At [Nb6O19]8−/Pt ratios above 0.5, the loadings of [Nb6O19]8− reached 
a plateau. At [Nb6O19]8−/Pt ratios of 4.0, the amount of modified 
[Nb6O19]8− decreased, which would be owing to the leaching out of 
Pt species occurred at highly basic condition. From CO pulse 
titration, the Pt NPs were highly covered with [Ta6O19]8− in K8Ta6O19 
aq. We have reported that the surface oxygen atoms of [Ta6O19]8− 
possessed higher negative charge than those of [Nb6O19]8−.27 We 
consider that this negative charge of surface oxygen atoms of 
[Ta6O19]8− leads to a large amount of [Ta6O19]8− being adsorbed to 
the Pt NP surface in 4.0Ta6-Pt/Al2O3. 

The POM-modified Pt NPs catalysts were applied to N-
formylation reaction using CO2 as a carbon source, where basic 
reagents are required for CO2 activation (Scheme 1). Figure 3 
shows the product yields in the N-formylation reaction of piperidine 
under CO2 and H2 atmosphere. The yield of 1-formylpiperidine 
increased by the modification of Pt/Al2O3 with [Nb6O19]8− and 
[Ta6O19]8−, where the product yield over 4.0Nb6-Pt/Al2O3 was 
slightly higher than that over 4.0Ta6-Pt/Al2O3. The addition of 
Cs2CO3 or K8Nb6O19 aq. as a base to Pt/Al2O3 also increased the 
activity while acidic Nb2O5 and weak base NH4Cl hardly improved 
the activity of Pt/Al2O3. Those suggested that the modified basic 
POMs played an important role in the reaction. The product yield 
increased with elongation of the reaction time (Figure 4b) and 
reached to almost the full conversion. Thus, the N-formylation 
reaction of piperidine catalytically proceeded over 4.0Nb6-Pt/Al2O3.

Scheme 1. N-Formylation of piperidine using CO2 as a carbon source.

 
Figure 3. (a) Product yield in N-formylation reaction of piperidine using CO2 with 

various catalysts. (b) Product yield as a function of reaction time. Reaction 

conditions: piperidine, 0.1 mmol; methanol, 2 mL; catalyst, 19.5 mg; internal 

standard, dodecane; CO2, 1.0 MPa; H2, 2.0 MPa; reaction temperature, 130°C; 

reaction time, 72 h.

Figure 4. Product yields for N-formylation of piperidine over XNb6-Pt/Al2O3 as a 

function of [Nb6O19]8− / Pt NPs molar ratio in K8Nb6O19 aq. Loadings of Nb species 

revealed by ICP measurements (black right axis) and adsorbed exposed Pt atoms 

by CO pulse measurements (blue right axis). Reaction conditions: piperidine, 0.1 

mmol; methanol, 2 mL; catalyst, 19.5 mg; internal standard, dodecane; CO2, 1.0 

MPa, H2, 2.0 MPa; reaction temperature, 130°C; reaction time, 72 h.

Next, the effect of surface coverage of Pt NPs by [Nb6O19]8− 
on the catalytic activity was investigated. Figure 4 summarizes the 
activities for N-formylation reaction of piperidine using CO2 over 
XNb6-Pt/Al2O3. Pt/Al2O3 was dispersed in various concentrations 
of K8Nb6O19 aq. to modify the Pt NP surface with [Nb6O19]8−. The 
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yield of 1-formylpiperidine reached twice by the modification of 
[Nb6O19]8− to Pt/Al2O3 in a low concentration of K8Nb6O19 aq. 
([Nb6O19]8−/Pt molar ratio was 0.006, referred as 0.006Nb6-
Pt/Al2O3). The product yield increased with increasing the 
concentration of K8Nb6O19 aq., and plateaued at [Nb6O19]8−/Pt 
molar ratios above 0.5. As previously mentioned, the loadings of 
[Nb6O19]8− also increased with increasing the concentration of 
K8Nb6O19 aq. The adsorbed CO amount decreased with increasing 
the loadings of basic [Nb6O19]8−. The exposed Pt surface slightly 
decreased with increasing [Nb6O19]8− amount but remained even in 
4.0Nb6-Pt/Al2O3. Those indicated that both of the exposed Pt NPs 
surface and basic [Nb6O19]8− on the surface are essential for the 
reaction. Indeed, 4.0Ta6-Pt/Al2O3 that the Pt NPs surface highly 
covered with [Ta6O19]8− afforded not higher activity than 4.0Nb6-
Pt/Al2O3. Table 1 showed that the Pt NP surface was highly 
covered in 4.0Ta6-Pt/Al2O3. Thus, the low activity of 4.0Ta6-
Pt/Al2O3 would be owing to insufficiency of the exposed Pt surface. 
The trends in product yield well matched to the Nb loading amount 
rather than exposed Pt atoms, this suggested that the interfacial 
sites between Pt NPs and [Nb6O19]8− were important to promote the 
N-formylation reaction.

We also investigated the modification of Pt NPs loaded on 
various support such as ZrO2, Nb2O5, and TiO2 (Figure S4). 
[Nb6O19]8− modification improved the activity of supported Pt NPs 
catalysts for N-formylation reaction. Among the tested support 
metal oxides, Al2O3 showed the highest dispersion and would result 
in highest conversion. The modification of [Nb6O19]8− is more 
efficient than simply use of basic support such as ZrO2. This 
indicated that the bottom-up modification of [Nb6O19]8− generally 
improve the activity of Pt NPs for this reaction.

Figure 5. Proposed reaction mechanism of N-formylation of piperidine using CO2 

over Nb6-Pt/Al2O3.

We have previously reported the mechanism of N-formylation 
reaction using CO2 over Pt-sandwich-type [Nb6O19]8− cluster, which 
formed [Nb6O19]8−-modified Pt NPs on Nb2O5 support during 
reaction.7 As proposed, piperidine reacted with CO2 to form 

carbamic acid during reaction. The carbamic acid interacted with 
surface oxygen of [Nb6O19]8−, followed by reduction of the C=O 
bond by Pt NPs at the interface between Pt NPs and [Nb6O19]8−. 
Other works also reported the mechanism via carbamate 
intermediates; thus, we consider that the hydrogenation of 
carbamate intermediates is key step in this reaction.11, 13, 15 In this 
study, isotopic experiment using both 12CO2 and 13CO2 as carbon 
sources showed the 13C-contained 1-formylpiperidine as a product 
(Figure S5), revealing that CO2 was utilized as a carbon source. 
CO was detected in the gas phase analysis when using MeOH as 
solvent (Table S2). The reaction efficiently proceeded when using 
dimethylamine and toluene as solvents and CO production was 
suppressed in those cases. Those results indicated that CO was 
produced as a byproduct and poisoned Pt NP surface during the 
reaction. Moreover, the reaction order analysis carried out in 
various CO2 and H2 pressures indicated that the reaction rate 
depended on both for PCO2 and PH2, and the reaction orders for PCO2 
and PH2 are 0.62 and 0.64, respectively (Figure S6). Based on the 
above results, the carbamate/carbamic acid were intermediate 
species. The carbamate intermediates were stabilized at the basic 
sites of [Nb6O19]8− on Pt NP surface and then hydrogenated to 1-
formylpiperidine, which includes formation of carbamate/carbamic 
acid, adsorption of carbamate species on the base sites, 
dissociation of H2 on Pt NP surface, and hydrogenation of the 
carbamate intermediates (Figure 5). The activity dependence on 
PCO2 and PH2 suggested that plausible rate-determining step for this 
reaction is not supply of CO2 or H2, and would be the reduction of 
carbamate intermediates by dissociated hydrogen on Pt species. 
We concluded that the interface between Pt NPs and basic 
[Nb6O19]8− increased by high loading of [Nb6O19]8− and efficiently 
promoted the hydrogenation of carbamate intermediates at the 
interface. 

Applicability for the other secondary amines were confirmed 
using piperazine, methylpiperazine, 1,2,3,4-tetrahydroisoquinoline, 
and morpholine as substrates (Scheme 2 and Table 2). N-
formation proceeded when using other secondary amines. Note 
that hydrogenation of aromatic rings also proceeded when using 
1,2,3,4-tetrahydroisoquinoline as a substrate, since the Pt atoms 
were exposed on the surface of [Nb6O19]8−-modified Pt NPs. Table 
S1 summarizes the catalytic activity for N-formylation reaction of 
secondary amines in the reported systems. The turnover frequency 
(TOF) of N-formylation of piperidine and morpholine over 4.0Nb6-
Pt/Al2O3 based on the contained Pt atoms was 0.14 h−1 and 0.20 
h−1, respectively. K-salts of [Pt(Nb6O19)2]12− reported in our previous 
paper showed the higher TOF values.7 In the paper, 2-3 nm of Pt 
NPs supported on NbOx formed during the reaction and the surface 
decollated with Nb oxide clusters. On the other hand, since the Pt 
NPs of 4.0Nb6-Pt/Al2O3 were exposed to the surface after the 
[Nb6O19]8− modification, 4.0Nb6-Pt/Al2O3 resulted in lower TOF 
values. These also indicated the modification density of [Nb6O19]8− 
also important to promote the N-formylation reaction. As shown in 
Tables S1, almost all systems require the addition of external base 
to efficiently promote the reaction. However, 4.0Nb6-Pt/Al2O3 
worked without addition of external base due to the basicity of 
modified [Nb6O19]8−. Moreover, the dependence of modified 
[Nb6O19]8− amount on the catalytic activity (Figure 4) indicates that 
interface between basic [Nb6O19]8− and Pt NPs were essential for 
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the efficient reaction. One reason is the basic surface oxygen 
atoms stabilized carbamate ion intermediates. Other possibility is 
that the interface between basic [Nb6O19]8− and Pt NPs efficiently 
promotes the H2 activation.

Scheme 2. N-Formylation of secondary amines using CO2 as a carbon source.

Table 2. Substrate scope of N-formylation reaction of secondary amines using 

CO2 over 4.0Nb6-Pt/Al2O3.

aAmines, 0.1 mmol; methanol, 2 mL; catalyst, 19.5 mg; internal standard, 

dodecane; CO2, 1.0 MPa; H2, 2.0 MPa; reaction temperature, 130°C; reaction 

time, 72 h.
bDimethylamine was used as a solvent instead of MeOH.

Conclusions
In summary, we found that the N-formylation reaction using 
CO2 as a carbon source proceeded efficiently via cooperation 
between the reducing ability of the supported Pt NPs and the 
basicity of the modified POM. The catalysts were prepared by a 
simple adsorption method in which Al2O3-supported Pt NPs 
were dispersed in K8Nb6O19 aq. The modified [Nb6O19]8− was 
highly selectively adsorbed on Pt NPs rather than Al2O3 support 
while maintaining the basicity of [Nb6O19]8−. Moreover, the IR-
DRIFT using CO as a probe confirmed the electrodonation from 
[Nb6O19]8− to the Pt NP surface. [Nb6O19]8−-modified Al2O3-
supported Pt NPs afforded N-formylation products of various 
secondary types, even in the absence of an external base. The 
modified amounts of [Nb6O19]8− were saturated at ca.1.3wtNb%, 
even at a high concentration of K8Nb6O19 aq., and the Pt NP 
surface remained exposed. The activity increased with 
increasing modified amounts of [Nb6O19]8−, indicating that the 
interface of [Nb6O19]8− and Pt NPs was essential to the efficient 
reaction. From the dependence on the H2 and CO2 pressure, the 
hydrogenation of carbamate intermediates was the rate-
determining step. The basic sites of surface oxygen atoms 
stabilize the carbamate intermediates near the Pt NP surface. 
This work that designed a Pt NP surface by a bottom-up 

modification with basic POMs facilitated the N-formylation 
reaction using CO2 as a carbon source without the addition of 
any external base. Further developments in the POM 
adsorption method to increase the coverage should lead to the 
design of surfaces of metal NPs for efficient catalysis.
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