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Formic acid is an important chemical with numerous appli-
cations. The industrial methods used for its production
employ CO as a raw material.[1] As an alternative, the
hydrogenation of abundant and inexpensive CO2 could be
advantageous and deserves exploration.[2] Furthermore, a
convenient HCOOH production by CO2 hydrogenation
would complete the long desired chemical loop for hydrogen
storage using CO2.

[3] The complementary step, that is, the
catalyzed decomposition of HCOOH to pure H2 together
with easily removable and reusable CO2, has been firmly
established.[3b–f,i–k,q,u, 4] The direct catalyzed CO2 hydrogena-
tion to HCOOH is, however, thermodynamically disfavored
(DG8298 =+ 33 kJmol�1). Even under especially favorable
conditions, namely H2O solvent and low temperatures, very
high CO2/H2 pressures must be used to reach a scant HCOOH
equilibrium concentration.[5] Jessop has shown that “the
hydrogenation of CO2 to formic acid is thermodynamically
unfavorable unless a base is present; the proton transfer to the
base drives the reaction”.[6] Accordingly, methods intended
for HCOOH formation via CO2 hydrogenation propose the
use of high-boiling nitrogenous bases in polar solvents.
Ammonium formate salts are quantitatively obtained;
HCOOH can be freed from these by thermal splitting.[7]

These methods, however, have not yet been applied industri-
ally. The main hindrances are the laborious removal of
catalyst and solvent as well as the limited amounts of
HCOOH formed per mol of high-molecular-weight amine.

Recently, we showed that the low-molecular-weight amine
NEt3 is quantitatively converted into HCOOH/NEt3 adducts
in the absence of foreign polar solvents. With [RuCl2(PMe3)4]
as homogeneous promoter at 40 8C and under 1:1 CO2/H2 at a
pressure higher than 41 bar, neat NEt3 was quantitatively
converted into adducts with an acid/amine molar ratio
AAR> 1.33.[8]

The drawback of this procedure remains the separation of
the homogeneous catalyst. This is a crucial step, as the catalyst
promotes the reverse decomposition reaction to CO2, H2, and

liquid NEt3 when the pressure is lowered. To solve this
problem, we searched for a heterogeneous supported metal
catalyst from which the HCOOH/NEt3 adducts could be
separated simply by drawing them, catalyst-free, directly from
the reactor under pressure. To simplify the search, we first
considered finely divided Groups 8–10 metals. Because, as
mentioned above, a catalyst for the production of adducts
necessarily promotes their decomposition, we found it con-
venient to test whether iron powder, Raney nickel and Co,
Ru, Rh, Ir, Pd, and Pt metal blackcause gas evolution when
contacted with the HCOOH/NEt3 adducts. Each metal
sample (5 mmol) was suspended into 50 mL of HCOOH/
NEt3 adduct with AAR = 1.33.[9] In none of these cases was
gas evolution observed during one week at 40 8C.[10] Upon
considering that copper and gold catalyze CO2 hydrogenation
to methanol,[11] it seemed appropriate to extend our system-
atic investigation to the Group 11 elements, whose active
black forms, however, are not commercially available. We
reported that the reduction of CuO with alkaline formalde-
hyde yields an extremely reactive, pyrophoric, copper mate-
rial permeated by nanocavities.[12] We extended this reduction
method to Ag2O and Au(OH)3. Neither copper nor silver so
obtained caused adduct decomposition. Gas evolution and
release of amine in a lighter phase were only promoted by Au
black obtained by reducing a freshly prepared Au(OH)3/H2O
slurry with diluted cold alkaline formaldehyde (Figure 1).

Gold black was then tested as a promoter for the direct
formation reaction of HCOOH/NEt3 adducts. A 120 mL
rocking stainless-steel autoclave was charged with 1 g
(5 mmol) of gold black, 10 mL (62 mmol) of the adduct with
AAR = 1.33, 40 mL (286 mmol) of amine, and pressurized
with 14 g of a 1:1 CO2/H2 mixture (each 304 mmol). At 40 8C,
a slow gas absorption took place, but the catalyst deactivated
quickly: the 180 bar starting pressure leveled to 107 bar, far

Figure 1. Au black with a shining zone obtained by compression.
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from the 41 bar CO2/H2 1:1 pressure equilibrating the amine
and the 1.33 adduct[8] (Supporting Information, Figure S1).
The reason for the failure of the catalyst can be understood by
comparing the SEM images of gold black before and after its
use: metal particle aggregation is evident (Figure 2).

The catalytic activity of gold for the HCOOH/NEt3

adducts formation from CO2, H2, and neat NEt3 and the
necessity of a support for the metal particles is apparent from
these results. We therefore
extended our investigation to
titania-supported gold. Reprodu-
cible results were obtained by
employing commercial AURO-
lite (Mintek; 1 wt % Au/TiO2,
extrudates). AUROlite is fully
characterized (BET 40–
50 m2 g�1; average gold crystallite
size ca. 2–3 nm). Furthermore,
the extrudate sticks can be
immobilized in a steel net cage
and be brought into contact with
a stirred liquid without releasing
powder. AUROlite (13 g; Au
0.7 mmol) immobilized in a
ring-shaped cage was placed in

a 320 mL magnetically driven Parr autoclave equipped with
temperature and pressure sensors and a dip tube to remove
liquid samples (Supporting Information, Figure S3). The
autoclave, connected to a high-pressure reservoir to supply
1:1 CO2/H2 and to a HPLC pump to supply NEt3, was charged
with 140 mL (1 mol) of NEt3 and pressurized with 1:1 CO2/H2

to 180 bar at 40 8C. Gas absorption took place, and the
pressure was restored to 180 bar when it dropped to 130 bar.
After every six pressurizations and about every three days
(Figure 3), 100 mL of liquid adduct with an AAR of about 1.7
were taken out and the amount of amine incorporated into
the adduct restored into the autoclave. The gasses, mainly
consisting of CO2, released during the liquid drawing under
pressure were also taken into consideration (see the Support-
ing Information).

The reaction rate changed little during 37 days of
production. In this time, a total of 1.326 kg of adduct with
AAR = 1.715 was produced and 18 040 mol of H2 per mol of
Au incorporated into CO2/NEt3. No other organic products
were detected by NMR spectroscopy. Surprisingly, 9% CO
with respect to H2 was found accumulated in the residual
gasses. This did not significantly affect the selectivity, as only
63 mmol of CO, with a molar ratio of 5.0 � 10�3 with respect to
the incorporated H2, were formed during the 37 days of
adduct production. The unexpected presence of CO suggests
a remarkable tolerance of the gold catalyst towards CO.
Presumably, CO formation is due to a gold-catalyzed reverse
water gas shift reaction occurring at an unusually low
temperature. A lower DG8f of H2O in the adduct medium
could account for this reaction.

The conditions for the production of the adducts have not
been optimized, and no supported gold catalysts other than
AUROlite were tested. However, it has been shown that
titania-supported gold 1) allows one to avoid solvents as the
conversion of neat amine into adducts is complete under CO2/
H2 1:1 pressure higher than 41 bar at 40 8C; 2) is a highly
stable catalyst; and 3) permits a continuous process for the
production of catalyst-free adducts. Necessary precautions
are the recompression into the reactor of gases released
during liquid product removal and the periodic replacement
of gases in the reactor when CO accumulation slows down the
reaction rate by lowering the CO2/H2 partial pressure.

Figure 2. SEM images of Au black before (above) and after (below) its
use as catalyst for the formation of the 1.33 adduct.

Figure 3. Pressure–time curve for the production of HCOOH/NEt3 adduct (1.326 kg, 7.365 mol) with an
acid/amine ratio AAR = 1.7 from CO2/H2 (1:1) and NEt3 and catalyzed by AUROlite (13 g, Au
0.7 mmol) in a steel net cage. Green vertical lines: reactor re-pressurizations with gaseous mixture;
crimson: liquid drawn from and reloaded into the reactor.
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No other homogeneous or heterogeneous catalyst can
simultaneously display all of these properties for the CO2

hydrogenation in the presence of nitrogenous bases. The
stripping of HCOOH from the HCOOH/NEt3 adducts still
remains to be done, however. Direct thermal splitting of the
HCOOH/NEt3 adducts into HCOOH and NEt3 does not
occur. Upon increasing the temperature, the adduct with
AAR = 1.7 loses NEt3 progressively until the adduct with
AAR = 2.35 is formed at 160 8C. Beyond this temperature,
decomposition takes place and a CO2/H2/CO mixture
together with condensable H2O and NEt3 are formed. To
recover HCOOH, we exploited an amine-exchange method
that has been suggested in the patent literature.[7a,b] High-
boiling tri-n-hexylamine was added to HCOOH/NEt3 adduct
with AAR = 1.715 in a molar ratio HCOOH/(n-C6H13)3N = 2.
A biphasic system was obtained (see the Supporting Infor-
mation) and fractionated under reduced pressure (90 mmHg).
A liquid fraction consisting of pure NEt3 (90% yield) was
collected. At higher temperatures, a fraction consisting of
85 wt % HCOOH, contaminated by NEt3 (11.5 wt %) and (n-
C6H13)3N (3.5 wt%) was recovered. Pure anhydrous HCOOH
was obtained by re-distilling the high-boiling fraction at
atmospheric pressure. Overall, HCOOH was recovered from
the HCOOH/NEt3 adduct with AAR = 1.715 in 83 % yield.

In conclusion, a new catalytic property of gold has been
discovered: it promotes the CO2 hydrogenation in the
presence of neat NEt3 to form HCOOH/NEt3 adducts. A
continuous production process for catalyst- and solvent-free
adducts has been demonstrated using a robust titania-
supported gold catalyst. The adducts have been split into
pure HCOOH (anhydrous) and neat NEt3 with the help of
high-boiling (n-C6H13)3N. When coupled with the catalytic
HCOOH decomposition to CO-free hydrogen together with
easily removable and reusable CO2,

[3b–f,i–k,q,u, 4] these findings
complete the chemical loop for the long-sought-after hydro-
gen storage with CO2. Finally, it remains to be seen whether
the method reported herein for HCOOH production that
employs CO2 and H2 raw materials beats those requiring high-
purity CO.[1] The former would prevail if inexpensive CO2/
CO-contaminated H2 (CO2-enriched syngas) could be used as
the raw material. Such an opportunity is suggested by the
abovementioned observation that the gold-catalyzed
HCOOH/NEt3 adduct production is not inhibited by the
self-generated CO.

Received: August 3, 2011
Published online: November 4, 2011

.Keywords: C1 chemistry · carbon dioxide · formic acid ·
gold catalysts · hydrogenation

[1] W. Reutemann, H. Kieczka in Formic Acid—Ullmann�s Ency-
clopedia of Industrial Chemistry, Electronic Release, 7th ed.,
Wiley-VCH, Weinheim, 2009.

[2] T. Schaub, R. A. Paciello, Angew. Chem. 2011, 123, 7416 – 7420;
Angew. Chem. Int. Ed. 2011, 50, 7278 – 7282, and references
therein.

[3] a) R. Williams, R. S. Crandall, A. Bloom, Appl. Phys. Lett. 1978,
33, 381 – 383; b) C. Fellay, P. J. Dyson, G. Laurenczy, Angew.

Chem. 2008, 120, 4030 – 4032; Angew. Chem. Int. Ed. 2008, 47,
3966 – 3968; c) B. Loges, A. Boddien, H. Junge, M. Beller,
Angew. Chem. 2008, 120, 4026 – 4029; Angew. Chem. Int. Ed.
2008, 47, 3962 – 3965; d) A. Boddien, B. Loges, H. Junge, M.
Beller, ChemSusChem 2008, 1, 751 – 758; e) S. Fukuzumi, T.
Kobayashi, T. Suenobu, ChemSusChem 2008, 1, 827 – 834; f) S.
Fukuzumi, Eur. J. Inorg. Chem. 2008, 1351 – 1362; g) S. Enthaler,
ChemSusChem 2008, 1, 801 – 804; h) F. Jo�, ChemSusChem
2008, 1, 805 – 808; i) H. Junge, A. Boddien, F. Capitta, B. Loges,
J. R. Noyes, S. Gladiali, M. Beller, Tetrahedron Lett. 2009, 50,
1603 – 1606; j) A. Boddien, B. Loges, H. Junge, F. G�rtner, J. R.
Noyes, M. Beller, Adv. Synth. Catal. 2009, 351, 2517 – 2520; k) H.
Himeda, Green Chem. 2009, 11, 2018 – 2022; l) D. J. Morris, G. J.
Clarkson, J. Guy, M. Wills, Organometallics 2009, 28, 4133 –
4140; m) T. C. Johnson, D. J. Morris, M. Wills, Chem. Soc. Rev.
2010, 39, 81 – 88; n) A. Majewski, D. J. Morris, K. Kendall, M.
Wills, ChemSusChem 2010, 3, 431 – 434; o) H.-L. Jiang, S. K.
Singh, J.-M. Yan, X.-B. Zhang, Q. Xu, ChemSusChem 2010, 3,
541 – 549; p) A. Boddien, B. Loges, F. G�rtner, C. Torborg, K.
Fumino, H. Junge, R. Ludwig, M. Beller, J. Am. Chem. Soc. 2010,
132, 8924 – 8934; q) B. Loges, A. Boddien, F. G�rtner, H. Junge,
M. Beller, Top. Catal. 2010, 53, 902 – 914; r) S. Enthaler, J.
von Langermann, T. Schmidt, Energy Environ. Sci. 2010, 3,
1207 – 1217; s) C. Federsel, R. Jackstell, M. Beller, Angew. Chem.
2010, 122, 6392 – 6395; Angew. Chem. Int. Ed. 2010, 49, 6254 –
6257; t) A. Boddien, F. G�rtner, R. Jackstell, H. Junge, A.
Spannenberg, W. Baumann, R. Ludwig, M. Beller, Angew.
Chem. 2010, 122, 9177 – 9181; Angew. Chem. Int. Ed. 2010, 49,
8993 – 8996; u) H. Himeda, S. Miyazawa, T. Hirose, ChemSu-
sChem 2011, 4, 487 – 493; v) A. Boddien, F. G�rtner, C. Federsel,
P. Sponholz, D. Mellmann, R. Jackstell, H. Junge, M. Beller,
Angew. Chem. 2011, 123, 6535 – 6538; Angew. Chem. Int. Ed.
2011, 50, 6411 – 6414.

[4] a) C. Fellay, N. Yan, P. J. Dyson, G. Laurenczy, Chem. Eur. J.
2009, 15, 3752 – 3760; b) M. Ojeda, E. Iglesia, Angew. Chem.
2009, 121, 4894 – 4897; Angew. Chem. Int. Ed. 2009, 48, 4800 –
4803; c) S.-W. Ting, S. Cheng, K.-Y. Tsang, N. van der Laak, K.-
Y. Chan, Chem. Commun. 2009, 7333 – 7335; d) B. Loges, A.
Boddien, H. Junge, J. R. Noyes, W. Baumann, M. Beller, Chem.
Commun. 2009, 4185 – 4187; e) X. Li, X. Ma, F. Shi, Y. Deng,
ChemSusChem 2010, 3, 71 – 74; f) T. Tabakova, M. Manzoli, F.
Vindigni, V. Idakiev, F. Boccuzzi, J. Phys. Chem. A 2010, 114,
3909 – 3915; g) S. Fukuzumi, T. Kobayashi, T. Suenobu, J. Am.
Chem. Soc. 2010, 132, 1496 – 1497; h) A. Ko�s, F. Solymosi, Catal.
Lett. 2010, 138, 23 – 27.

[5] For the reaction H2(aq) + CO2(aq)$HCOOH(aq), a value
DG8298 =�4 kJmol�1 (Keq = 5.0 at 25 8C) has been calculated
(W. Leitner, E. Dinjus, F. Gaßner in CO2 Chemistry—Aqueous-
Phase Organometallic Catalysis (Eds.: B. Cornils, W. A. Her-
mann), Wiley-VCH, Weinheim, 1998, p. 488). Thus, by assuming
CO2(aq) in its standard state 1 m (30 bar according to the
Henry�s law), 256 bar H2(g) pressure (Henry�s constant of H2 in
H2O at 25 8C = 7.8 � 10�4 mol dm�3 bar�1) is required for 1 m
HCOOH equilibrium concentration. At the best, in the absence
of a foreign buffer, 0.055m HCOOH has been obtained in H2O
at 40 8C under P(H2) = 55 and P(CO2) = 25 bar (H. Hayashi, S.
Ogo, S. Fukuzumi, Chem. Commun. 2004, 2714 – 2715).

[6] P. G. Jessop in The Handbook of Homogenous Hydrogenation,
Vol. 1 (Eds.: J. G. de Vries, C. J. Elsevier), Wiley-VCH, Wein-
heim, 2007, pp. 490 – 499, and references therein.

[7] a) J. J. Anderson, J. E. Hamlin (BP), EP 0126524A1, 1984 ; b) J. J.
Anderson, D. J. Drury, J. E. Hamlin, A. G. Kent (BP), EP
0181078A1, 1986 ; c) Z. Zhang, Y. Xie, W. Li, S. Hu, J. Song, T.
Jiang, B. Han, Angew. Chem. 2008, 120, 1143 – 1145; Angew.
Chem. Int. Ed. 2008, 47, 1127 – 1129; d) Z. Zhang, S. Hu, J. Song,
W. Li, G. Yang, B. Han, ChemSusChem 2009, 2, 234 – 238; e) N.
Challand, X. Sava, M. Rçper (BASF), US 20100063320A1, 2010 ;

12553Angew. Chem. Int. Ed. 2011, 50, 12551 –12554 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.201101292
http://dx.doi.org/10.1002/anie.201101292
http://dx.doi.org/10.1063/1.90403
http://dx.doi.org/10.1063/1.90403
http://dx.doi.org/10.1002/ange.200800320
http://dx.doi.org/10.1002/ange.200800320
http://dx.doi.org/10.1002/anie.200800320
http://dx.doi.org/10.1002/anie.200800320
http://dx.doi.org/10.1002/ange.200705972
http://dx.doi.org/10.1002/anie.200705972
http://dx.doi.org/10.1002/anie.200705972
http://dx.doi.org/10.1002/cssc.200800093
http://dx.doi.org/10.1002/cssc.200800147
http://dx.doi.org/10.1002/ejic.200701369
http://dx.doi.org/10.1002/cssc.200800101
http://dx.doi.org/10.1016/j.tetlet.2009.01.101
http://dx.doi.org/10.1016/j.tetlet.2009.01.101
http://dx.doi.org/10.1002/adsc.200900431
http://dx.doi.org/10.1039/b914442k
http://dx.doi.org/10.1021/om900099u
http://dx.doi.org/10.1021/om900099u
http://dx.doi.org/10.1039/b904495g
http://dx.doi.org/10.1039/b904495g
http://dx.doi.org/10.1002/cssc.201000017
http://dx.doi.org/10.1021/ja100925n
http://dx.doi.org/10.1021/ja100925n
http://dx.doi.org/10.1007/s11244-010-9522-8
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1002/ange.201000533
http://dx.doi.org/10.1002/ange.201000533
http://dx.doi.org/10.1002/anie.201000533
http://dx.doi.org/10.1002/anie.201000533
http://dx.doi.org/10.1002/ange.201004621
http://dx.doi.org/10.1002/ange.201004621
http://dx.doi.org/10.1002/anie.201004621
http://dx.doi.org/10.1002/anie.201004621
http://dx.doi.org/10.1002/cssc.201000327
http://dx.doi.org/10.1002/cssc.201000327
http://dx.doi.org/10.1002/ange.201101995
http://dx.doi.org/10.1002/anie.201101995
http://dx.doi.org/10.1002/anie.201101995
http://dx.doi.org/10.1002/chem.200801824
http://dx.doi.org/10.1002/chem.200801824
http://dx.doi.org/10.1002/ange.200805723
http://dx.doi.org/10.1002/ange.200805723
http://dx.doi.org/10.1002/anie.200805723
http://dx.doi.org/10.1002/anie.200805723
http://dx.doi.org/10.1039/b916507j
http://dx.doi.org/10.1039/b908121f
http://dx.doi.org/10.1039/b908121f
http://dx.doi.org/10.1002/cssc.200900218
http://dx.doi.org/10.1021/jp906892q
http://dx.doi.org/10.1021/jp906892q
http://dx.doi.org/10.1021/ja910349w
http://dx.doi.org/10.1021/ja910349w
http://dx.doi.org/10.1039/b411633j
http://dx.doi.org/10.1002/ange.200704487
http://dx.doi.org/10.1002/anie.200704487
http://dx.doi.org/10.1002/anie.200704487
http://dx.doi.org/10.1002/cssc.200800252
http://www.angewandte.org


f) T. Schaub, R. Paciello, K. Mohl, D. Schneider, M. Sch�fer, S.
Rittinger (BASF), US 20100331573, 2010.

[8] D. Preti, S. Squarcialupi, G. Fachinetti, Angew. Chem. 2010, 122,
2635 – 2638; Angew. Chem. Int. Ed. 2010, 49, 2581 – 2584.

[9] By adding HCOOH to NEt3 excess, a two-phase system is
formed: below the adduct with AAR = 1.33 (1 = 0.975) and
above the excess of amine (1 = 0.725). See reference [8].

[10] Commercial Ru black can appear active depending on the
presence of oxides on the metal surface. Similar to the other

finely divided Group 8–10 metals, pre-reduced Ru black (1308C,
H2 1 bar) does not promote the adduct decomposition reaction.

[11] a) H. Goehna, P. Koenig, Chemtech 1994, June, 36 – 39;b) M. S.
Wainwright, D. L. Trimm, Catal. Today 1995, 23, 29 – 42; c) G. C.
Bond, C. Louis, D. T. Thompson in Catalysis by Gold (Ed.: G. J.
Hutchings), IP Press, London, 2006, pp. 261 – 263, and references
therein.

[12] D. Preti, S. Squarcialupi, G. Fachinetti, Angew. Chem. 2009, 121,
4857 – 4860; Angew. Chem. Int. Ed. 2009, 48, 4763 – 4766.

Communications

12554 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 12551 –12554

http://dx.doi.org/10.1002/anie.200906054
http://dx.doi.org/10.1016/0920-5861(94)00137-Q
http://dx.doi.org/10.1002/ange.200805860
http://dx.doi.org/10.1002/ange.200805860
http://dx.doi.org/10.1002/anie.200805860
http://www.angewandte.org

