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Pure formic acid was successfully produced via CO, hydrogenation for the first time over a heterogeneous catalyst of

PdNi alloy on carbon nanotube-graphene (CNT-GR) support in water as an eco-friendly solvent without a base additive.

The highest formic acid yield obtained was 1.92 mmol with a turnover number of 6.4 and a turnover frequency of 1.2 x 10"

* s under mild reaction conditions of 40 °C and 50 bar. Alloying Pd with Ni brought a significant enhancement in catalytic

activity compared to monometallic Pd catalyst. In addition, the CNT-GR composite as catalytic support improved the

dispersion of Pd-Ni alloy particles, which exhibited a good stability under the reaction conditions.

1. Introduction

Formic acid (FA) is an organic chemical with a good
environmental compatibility and has been used for a variety of
applications such as pharmaceutical, agriculture or textile
industries. Currently, industrial FA production is mainly based
on the carbonylation of methanol followed by hydrolysis.1
Recently, direct CO, hydrogenation to FA has received great
attention as a potential route for reutilization CO, as an
abundant and sustainable carbon feedstock.” Last decade,
combination of CO, fixation and H, storage into one
compound like FA has become an interesting and challenging
research topic worldwide.®®

CO, + Hy = HCOOH AG®505¢=+32.9 kI mol™ (1)

Since the thermodynamics of the pure FA formation from
CO, hydrogenation is not favorable even at high temperature
and pressure,g'9 organic and inorganic bases are often added
to the reaction mixture to increase the conversions, although
the pure formic acid has to be recovered from the formed
formate salts in an additional post-treatment step.9

To date, catalytic CO, hydrogenation to formate or FA has
focused on homogeneous catalysts (e.g., Ru, Rh, Ir, Fe, Pd,
etc.), which offered high activity and selectivity with or
without base additives to stabilize the product formic acid
2410-12 Notably, Moret and co-workers reported Ru
complex as a highly active catalyst for CO, hydrogenation to
produce pure FA in the mixture of (DMSO/H,0) solvent with
FA concentration up to 1.31 M.? However, FA yield was very
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low with a turnover-number (TON) of 0.95 and a turnover-
frequency (TOF) of 7.9 x 102 h™. Also homogeneous catalyst
systems have a number of intrinsic drawbacks including
difficulty in isolation and purification of the product from the
reaction solution. In order to address the issue, heterogeneous
catalysts (e.g., Ni, Pd, Au) for the FA synthesis from CO,
hydrogenation have been investigated in both theoretical® ™
and experimental studies.>*®*° Heterogeneous catalysts are
easily recovered after reaction and readily applicable to a
continuous reaction system in a large industrial process.
However, because of their low activity and chemo-selectivity,8
heterogeneous catalysts were studied under the presence of
bases (e.g., amine, NaOH, NaHCO;) and/or specific solvents. To
the best of our knowledge, pure FA production over
heterogeneous catalysts has not been reported and the high
yield synthesis of pure FA over a more practical heterogeneous
catalyst is in great demand.

In the present work, attempt to develop a
heterogeneous catalyst for the direct hydrogenation of CO, to
pure FA. The active component was a PdNi alloy, which
exhibited a significantly enhanced catalytic activity compared
to monometallic Pd catalyst. As a support, carbon nanotube-
graphene (CNT-GR) composite was employed. CNT and GR
have high surface area, good dispersion of catalytic particles
and inertness with active components.zo'21 However, GR sheets
stack spontaneously over themselves and CNTs easily bundle
together, and hence the majority of their surfaces cannot be
used effectively for catalyst preparation. When CNT-GR
composite is formed, they serve as a spacer for each other and
the stacking of GR and the bundling of CNTs are prevented to
expose their own high surface areas.”>” Thus the
heterogeneous PdNi alloy catalyst supported on CNT-GR
produced pure FA under mild conditions without further
product purification step and was easily separated from
product by simple filtration. Its catalytic activity and selectivity
was comparable with known homogeneous catalysts. A
reaction mechanism for pure FA synthesis over heterogeneous
catalyst also has been proposed.

we
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2. Experimental Section

2.1 Materials and catalyst synthesis

Palladium (II) nitrate hydrate (Pd(NOs3),, 99.999 %), nickel (I1)
nitrate hexahydrate (Ni(NOs),.6H,0, 99.999 %), hydrazine
monohydrate (N,H;.H,0, 64-65 %), sodium nitrate (NaNOs),
potassium permanganate (KMnO,) and concentrated sulfuric
acid (H,SO,;, 98 %) were purchased from Sigma Aldrich.
Graphite flake (325 mesh) was provided by Alpha Aesar and
extra pure H,0, by Junsei (Japan). Carbon nanotube (CNT, CM-
95) was purchased from Hanwha Chemical (Korea). Carbon
dioxide (99.999 %) and hydrogen (99.999 %) were provided by
Daesung Gases Supplier (Korea). Deionized (DI) water was
purged with argon for 2 h prior to use. All chemicals were used
without further purification.

Graphene oxide (GO) was synthesized by Hummers method
using graphite flake (Electronic Supplementary Information,
ESI S1). In this study, Ni, Pd and PdNi supported on CNT/GR
composite were obtained by wet impregnation followed by
reduction. 0.25 g each of CNT and GO were first dispersed in
220 ml water in a 500 ml round flask, and then ultrasonicated
for 3 h. Then the mixture of Pd(NO3), and Ni(NOs), with total 1
mmol of metals (Pd/Ni atomic ratio of 3/7) was added drop-
wise to CNT-GO colloidal solution followed by stirring for 2 h.
In addition, once the solution temperature reached 90°C, 10
ml of hydrazine hydrate (65 % in water) was added with
vigorous stirring to obtain immediately a black solution. After
12 h, the solution was cooled down to room temperature. The
black solution was then filtered and washed with water and
acetone several times, and finally dried in vacuum at 110 °C for
12 h.

2.2 Catalyst characterization

Powder X-ray diffraction (XRD) patterns were obtained using a
PW 3040/60 X'pert Pro (PANalytical) with Cu K, radiation. The
HRTEM images were recorded on a JEOL TEM-2100F/CESCOR
microscope operated at 200 kV. Elemental analyses (EA) were
performed using Elemental Determinators (Thermo Scientific,
ELAN DRC-Il). The compositional analysis of metals and alloy
was done by Inductively Coupled Plasma-Optical Emission
Spectrometers (ICP/OES, Varian 720-ES). The surface
composition and chemical state of catalyst surface were
obtained from the X-ray photoelectron spectrometer (XPS,
Thermo Fischer, K,). In addition, Fourier transform infrared
spectroscopy (FT-IR, Agilent, 670-IR) was used to identify the
presence of functional groups on surface of catalysts with the
scanning range from 500 to 4000 em™ Nitrogen adsorption
measurements at 77 K were performed on Nanoporosity-XQ
(Mirae Scientific Instruments, Korea) to determine the specific
surface area and pore size distribution.

2.3 Hydrogenation of CO,

2| J. Name., 2012, 00, 1-3

Hydrogenation of CO, to formic acid was carried out in a high-
pressure stainless steel autoclave (300ml, internal diameter 64
mm) with a magnetic stirrer. In a typical run, 0.5 g of the
catalyst was charged into a batch reactor with 90 ml DI water
as solvent. The reactor was purged several times with N, and
H,, and pressurized with H, CO, (H,/CO, = 1) up to desirable
pressure. CO, was heated at 70 °C prior to injection to prevent
liquefaction at high pressure. After that, the system was
heated by a mantle equipped with a temperature controller,
followed by stirring at 170 rpm. The reaction was carried out
for 15 h. At the end of the reaction, the reactor was cooled
down to room temperature naturally, and then pressure was
released to ambient condition. For the recycling test, the
catalyst was recovered by evaporating liquid products in
vacuum oven and treated with H, at 130 °C for 1 h to remove
hydrocarbon residues before each cycle of catalytic reactions.

The liquid product in the autoclave obtained after filtration
was analysed by Agilent 1200 series HPLC system equipped
with a quaternary pump, a thermo-prep auto sampler, an
online degasser, and a thermostatically controlled column
compartment. The Hi-plex H column (7.7 x 300 mm) was used
at 55 °C using 5mM H,S0O, solution as an eluent. The flow rate
was kept at 0.6 ml/min with a run time of 30 min and the UV
detector of 210 nm. The sample liquid injection volume was 20
UL. A series of standard solutions of formic acid was prepared
(0.005 M, 0.01 M, 0.015 M, 0.02 and 0.03 M, respectively) to
generate a calibration curve with a R? of 0.999. The gaseous
samples were analysed using an Agilent HP 6890 GC with a
Carboxen 1000 column and a thermal conductivity detector.
The gas products collected at reactor outlet were only CO,, H,
and N, with no other gas products.

3. Results and Discussion

3.1 Characterization of physical properties

In screening experiments described in Section 3.2, Pd;Ni; was
found to be the optimum composition of the alloy catalyst.
The nitrogen sorption isotherms of CNT-GR and PdNi/CNT-GR
are shown in Fig. 1. As expected, combination of CNT and GR
as a composite created mesopores, which were absent in CNT
or GR alone. These mesopores hence come from the role as
spacers of two types of nano catbons for each other
preventing CNT bundling or GR sheets stacking.24 As a result,
CNT-GR offers high surface area and large pore volume that
are essential to disperse metal nanoparticles on the surface of
the supp0|'t.23'24 The surface areas of the CNT-GR and
Pd;Ni;/CNT-GR were 288 and 266 mz/g, respectively, which
were much higher than those of CNT (224 mz/g) or GR (33.0
mz/g). Moreover, the external surface area of CNT-GR (231
mz/g) remakably increased compared to that of CNT (160
mz/g) by adding GR while the micropore volume slightely
decreased (56.9 mz/g and 62.4 mz/g for CNT-GR and CNT,
respectively). These changes in textural properties are
consistent with the ,mutual spacer mechanism’ for the
formation of CNT-GR composite stated above. The textural
properties are summarized marized in Table S1.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 N, sorption isotherms of CNT-GR and Pd3Ni;/CNT-GR.

The particle size and compositions of Pd and Pd3Ni; on CNT-GR
composite could be determined by TEM in Fig. 2. The Pd and
PdNi nanoparticles are uniform and well-dispersed on the
surface of CNT-GR support with small particle sizes of 3 nm
and 4 nm, respectively. In order to identify the possible
formation of Pd-Ni alloy particles, the HRTEM images were
recorded. The lattice distances of 2.27A and 2.00 A observed in
Fig. 2b are in good agreement with 2.244 A and 1.944 A for
(111) and (002) lattice planes of Pd, respectively (76148 ICSD
card).25 The Pd-Ni phase in Fig. 2d shows a slight shrinkage in
the lattice distance of PdNi(111) to 2.22 A. The energy
dispersive spectrum (EDS) analysis of PdsNi;/CNT-GR in Fig. S2
confirms the presence of carbon, oxygen, nickel, palladium
elements on the alloy catalyst.

Fig. 2 TEM images of Pd/CNT-GR (a,b) and Pd;Ni;/CNT-GR (c,d).

In XRD patterns of Fig. 3, the peak located at a 26 value of
about 26° is attributed to the graphite (002) plate of the GR-
CNT support. The characteristic peaks of Pd/CNT-GR (39.9°

This journal is © The Royal Society of Chemistry 20xx
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46.1°, 67.8°) and Ni/CNT-GR (44.7°, 52.1°, 76.7°) reflect Pd
(Fm3m, JCPDS # 01-087-0645) and Ni (Fm3m, JCPDS # 01-071-
3740) metallic phases, respectively. However, the XRD peaks
of the metals in Pd;Ni;/CNT-GR are significantly weaker than
those in monometallic catalysts, indicating that Ni addition
lowers crystallinity in agreement with previous reports.ze'28
The Pd (111) peak of Pd;Ni;/CNT-GR catalyst slightly shifts to a
higher 26 angle compared to the corresponding Pd (111) peak
in the Pd/CNT-GR, revealing the shrinkage of the lattice
distance by the formation of PdNi alloy. The new distance from
the XRD (2.23 A) is consistent with the distance observed by
TEM (2.22 A). From the broadening of XRD peaks, the
crystallite sizes of Pd and PdNi alloy in Pd/CNT-GR and
Pd;Ni;/CNT-GR catalysts were around 2.9 nm and 5.2 nm,
respectively. Unalloyed Ni particles are also present in
Pd5Ni;/CNT-GR catalyst as evidenced by sharp peaks at 44.7°
and 52.1°. But the quantity of this residual Ni species which do
not attend PdNi alloy formation is not significant. Hence, both
TEM and XRD have demonstrated PdNi alloy formation in
Pd;Ni;/CNT-GR catalyst.

Pd (111)
Pd,Ni,/CNT-GR

Pd/CNT-GR

Ty

Intensity / a.u.

20 40 60 80
20/ degree

Fig. 3 XRD patterns of Pd;Ni;/CNT-GR, Pd/CNT-GR, and Ni/CNT-
GR.

The efficient reduction of graphene oxide (GO) by
hydrazine is confirmed by the FTIR spectra for Pd;Ni,/CNT-GR
in Fig. S3. Characteristic peaks of GO at O=C-OH (1000 cm'l), O-
C-0 (1100-1250 cm™), C=0 (1600 cm™), and O=C-OH (1750 cm’
1)29 bonds disappeared after hydrazine treatment. Also, the
Io/lg ratio of GO (0.98) in Raman spectra increased to 1.2, due
to the presence of unrepaired defects that remained after the
removal of large amounts of oxygen-containing functional
groups. This clearly indicates the successful reduction of GO.
The metal contents in the catalyst were determined by the
ICP/AES analysis as 5.14 and 6.76 wt% for Pd and Ni,
respectively. Thus the Pd/(Pd+Ni) atomic ratio from ICP
analysis (29.5 at%) is in good agreement with the expected
value (30 at%).

The XPS spectrum of Pd3;Ni;/CNT-GR shown in Fig. 4 reveals
surface oxidation state and their relative concentration of Pd-
and Ni-species. Pd 3ds;, and 3d;/, XPS peaks in Pd3Ni;/CNT-GR
appear at 335.6 eV and 341.0 eV, which indicates mixed
valences of Pd-species on the catalyst surface; Pd°, pd* (PdO)

J. Name., 2013, 00, 1-3 | 3
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and Pd* (PdOz).30 The relative atomic percent of Pdo-species in
the total amount of loaded Pd is 62.6 % in Pd;Ni;/CNT-GR and
52.5 % in Pd/CNT-GR (Table 1). The surface exposed Pd
concentration of Pd3;Ni;/CNT-GR (5.197 at%) determined by
XPS (Fig. S5) is considerably higher than the intended value
(0.72 at%), which indicates that Pd is well dispersed on the
surface while carbon supports are slightly stacked and
aggregated. The surface concentration of Ni determined by
XPS is 10.9 at%, which corresponds to a Pd/(Pd+Ni) ratio of
32.3 at%. This is close to the intended value (30 at%) and
measured ICP/AES value (29.4 at%), indicating that Pd and Ni
atoms form randomly mixed alloy particles instead of a core-
shell structure. Even though their bulk crystallinity is observed
as reduced Pd in XRD analysis, the surface Pd species contains
oxidized species because of exposure to atmosphere.
However, these oxidized Pd species on the surface would be
easily reduced by hydrogen during the CO, hydrogenation
reaction.

Furthermore, there is a peak shift (0.2 eV) of Pd 3ds),
binding energy in Pd;Ni;/CNT-GR to the lower value compared
to Pd/CNT-GR, indicating a slight electron donation from Ni to
Pd or electronic structure modification of Pd active sites by
addition of Ni. The decreased binding energy of Pd 3d might
prevent the strong poisoning of Pd surface by reaction
intermediate such as CO or carbonate.?” On the other hand, Ni
2p binding energy of Pd;Ni;/CNT-GR (856.4 eV) is shifted to
higher value (0.6 eV) compared to Ni/CNT-GR (Fig. S4), which is
consistent with the electron transfer from Ni to Pd in
Pd;Ni;/CNT-GR as stated in Pd 3d XPS spectra. The spectrum
presented in Fig. 4c shows mainly the features inherent to
spectra of NiO mixed with NiOOH of Ni—species31 instead of
Nio—species, which is attributed to surface oxidation by air
exposure as observed in Pd 3d spectra. The bulk property of
Ni, however, is revealed as reduced metal state by XRD
analysis, and the surface oxidized Ni would be easily reduced
under reductive atmosphere during the catalytic reaction.

a) Pd3ds, Pd/CNT-GR b) Fg 3dse Pd,Ni,/CNT-GR

5 . Pd°

© Pd 3d;, = Pd 3d;,

- © P40

> Pd2* d° =

& 2
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Fig. 4 Pd 3d and Ni 2p XPS spectra; a) Pd in Pd/CNT-GR, b) Pd in
Pd5Ni;/CNT-GR, c) Ni in Pd3;Ni;/CNT-GR, and d) comparison of
Pd spectra in Pd/CNT-GR and Pd;Ni;/CNT-GR.

Binding energy / eV
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Table 1. Binding energies (E,) and relative molar percents of
Pd-species of Pd/CNT-GR and Pd3Ni;/CNT-GR

E,, Pd 3ds ) [eV] Relat:)ve content
Sample [mol %]

Pd° pd** pd* Pd° pd*  Pd*
Pd/CNT-GR  355.6 336.7 3382 525 36.8 10.7
g‘::N”/CNT' 3555 336.6 338.2 62.6 26.5 10.9

3.2 Catalytic CO, hydrogenation to HCOOH

As mentioned, catalytic CO, hydrogenation to HCOOH over
heterogeneous catalysts suffers a lot of problems including low
activity and selectivity, and unfavorable thermodynamics
requiring a base additive. It has not been possible to obtain
pure HCOOH through the processes with high yields. Palladium
has been known as an active metal for H, activation as well as
CcO, hydrogenation.s’ls'32 However, pure Pd can be easily
poisoned by some intermediates of the reaction like co.5*
Kwak et al. reported that pure Pd was almost inactive for CO,
reduction when it was loaded on inert CNT support.34 Addition
of a second component (e.g. La,03) as an activation site of CO,
underlined the multifunctionality by the formation of
atomically dispersed Pd-La bimetallic species in an active
catalyst for the reduction of C02.34

In the present work, we attempted to design Pd-Ni alloy
metal catalyst, because Ni was found to be a good catalyst for
CO, hydrogenation to HCOOH by theoretical studies.”>™ As
references, mono-metallic Ni/CNT-GR and Pd/CNT-GR catalysts
were also studied for the same reaction. A blank test without
any catalyst did not produce formic acid. The reactions
produced exclusively HCOOH (>99% selectivity) with only a
trace of acetic acid (Fig. S8). Hence, HCOOH is considered as
the sole product in the following discussion. Fig. 5a reveals
that the Pd-Ni bimetallic catalyst has synergistic effect on
HCOOH vyield compared to mono-metallic Pd/CNT-GR and
Ni/CNT-GR catalysts. Indeed, Pd;Ni;/CNT-GR exhibits a
significant enhancement in catalytic activity, which s
correlated with the lower binding energy of Pd active sites by
the addition of Ni (discussed in XPS analysis). This would
decrease binding energy between formate intermediate and
Pd nanoparticles on the surface of catalyst leading to the
enhanced catalytic reaction rates. Furthermore, the high
concentration of the surface Pdo—species in the form of PdNi
alloys is proposed to contribute to improved HCOOH
formation. For Ni/CNT-GR catalyst, the reaction did not occur
at all. In addition to its intrinsically low activity, the formation
of large Ni metal particles (21 nm, calculated by Scherrer’s
equation at 44.7° peak in XRD pattern) with protective NiO
species (Fig. 3) on the surface may be responsible.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Formic acid yields as a function of Pd content. Reaction
conditions: 1 mmol (Pd+Ni) catalysts, 90 ml H,0, P = 50 bar
(H,/CO, = 1), 40 °C, 15 h.

The Pd/Ni atomic ratio was optimized in the hydrogenation
of sodium bicarbonate in a previous report.26 Here, in the CO,
hydrogenation to pure FA, we re-optimized the bimetallic
composition of Pd/Ni by varying Pd molar content. The result
in Fig. 5 shows that the catalyst with Pd/Ni molar ratio of 3/7
has the highest catalytic activity. Over the Pd;Ni;/CNT-GR
catalyst, the observed formic acid yield reaches 1.92 mmol,
which is significantly higher than the other four catalysts with
higher or lower Pd content. As determined by XPS, the
exposed amount of Pd species on the catalytic surface exhibits
linear relation (R2 ~ 1) with the nominal amount of Pd in the
catalysts (Fig. S5). However, the higher surface Pd content in
bimetallic catalysts above the optimum value does not
increase catalytic activity (Fig. 5 and Fig. S6) even though Pd
active sites play the main role in H, activation as well as CO,
hydrogenation. The Pd/(Pd+Ni) ratio determined by XPS (32.3
at%) also indicates that PdNi alloy particles in the catalyst do
not form core-shell structure. With the optimized Pd;Ni;, Pd
would have an optimal binding energy with the reaction
intermediates that gives the highest catalytic reaction rate of
CO, hydrogenation to HCOOH. More details on optimal Pd
composition on the catalytic performance will be discussed in
the following section (Scheme 1).

The effects of reaction temperature and pressure were
investigated in the presence of 1 mmol Pd;Ni;/CNT-GR. As
shown in Fig. 6a, the optimal operating temperature was 40 °C
at 40 bar of H, pressure, which produced the highest formic
acid yield of 1.35 mmol. Generally, increasing temperature
accelerates reaction rate, however, the hydrogenation of CO,
into formic acid is an exothermic reaction (AHozggK =-31.2 ki
mol™, ASOZQSK = -0.215 kJ K* mol™), which has unfavorable
equilibrium at high temperature (AG3p3¢ = 33.95 kJ mol™ and
AG355¢= 38.25 kJ mol™). In addition, the reaction between Cco,
and H, at high temperature normally results in either the
formation of CO and H,0 (reverse water gas shift reaction) or
formic acid decomposition back to CO, (CO) and H,. On the
other hand, the reaction kinetics is not favorable at very low
temperature (30 °C) to overcome the activation barrier of the
reaction.

This journal is © The Royal Society of Chemistry 20xx

The unfavorable reaction equilibrium of HCOOH formation
from CO, and H, could be shifted to the product side by
increasing total gas pressure. As expected in Fig. 6b, the yield
of FA at 40 °C gradually increases with increasing pressures,
reaching the highest value at 1.92 mmol at 50 bar. This result
is in agreement with the thermodynamics viewpoint as well as
previous reports that higher total gaseous pressure is
favorable for CO, reduction into formic acid.? In summary, the
total gas pressure is beneficial to high FA yield while the
temperature has a detrimental influence in our limited range
of investigation (pressure < 50 bar and temperature < 100 °C).
The behavior is understandable on thermodynamics as well as
kinetics ground.

(a) 201 ()

dN

L P =40 bar

ey

T=40°C

Formic acid yield / mmol
Formic acid yield / mmol

30 40 50

60 70 10 20 30 40 50
Reaction temperature / °C

Reaction pressure / bar

Fig. 6 Formic acid yields as functions of (a) reaction
temperature and (b) reaction pressure. Reaction conditions: 1
mmol Pd3Ni;/CNT-GR, 90 ml H,0, H,/CO, =1, 15 h.

In the hydrogenation of CO, into HCOOH in pure water
solvent over a heterogeneous catalyst, some active metal
component sites could migrate from the support into the
reaction solution, and those leached species could contribute
significantly to the catalytic activity. Thus, a leaching test was
conducted at 40°C in 90 ml H,O at 50 bar. The resulting
solution after reaction was subsequently filtered, and then the
filtrate was used as the catalytic solution for fresh reagents of
CO, and H, without added catalyst. No additional HCOOH was
observed, indicating negligible leaching of the active catalyst.
In another test of metal leaching, ICP-OES analysis indicated
that there was no Pd but a small Ni content around 0.18 mM/L
(< 3% of the loaded Ni) in the filtrate after the hydrogenation
reaction. This result is acceptable because Ni/NiO is slightly
unstable in weakly acidic formic acid solution. The catalytic
activity decreases significantly after the first cycle (Fig. S7),
which could be attributed to a small amount of leached Ni
from the catalysts. However, the performance is stabilized
from the second cycle with negligible deactivation up to 7
cycles. In summary, the CNT-GR supported PdNi alloy catalyst
exhibited high efficiency and excellent stability in CO,
hydrogenation into formic acid in addition to its intrinsic
practical advantage in separation and recycling.

3.3 A proposed reaction pathway

The reaction mechanism of CO, hydrogenation to methanol or
methane over heterogeneous catalysts has been descussed
both in theoretical and experimental studies.” The
multifunctionality of the catalytic system plays an important
role in CO, and H, activation, in which noble metals (Pt, Ru, Rh,
and Pd, etc.) are active for splitting H, into H atoms,35 while

J. Name., 2013, 00, 1-3 | §
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transition metal (i.e. Ni) has

.34
reduction.

high reactivity in the CO,

18 &

e-rich k\»

e-deficient Ni

+ Covalent bond

Metal-reactant
Itransitional
interaction

~——7 Electron flow

Scheme 1. A proposed reaction mechanism of selective
formation of HCOOH from CO, hydrogenation over PdNi
bimetallic surface. The 6+/8'signs in the illustration represent
the localized electron charge in the molecules or bimetallic
structure.

Although there are different proposals in the reaction
mechanism on hydrogenation of CO, into several products
(e.g., CH4, CH30OH, CO, methyl formate, etc.),s' 34 only a few
reaction mechanisms for the hydrogenation of CO, towards
pure formic acid over heterogeneous catalyst has been
reported by the theoretical calculation. Peng at al.*** verified
through density functional theory calculation that CO, is
adsorbed as formate intermediate on Ni surface and
consecutively reacts with subsurface H in Ni producing formic
acid as final product. In Scheme 1, a possible reaction pathway
for HCOOH synthesis on Pd;Ni; bimetallic catalyst surface is
presented. The mechanistic ideas are illustrated in Scheme 1
according to the following steps: 1) As investigated in XPS
analysis, there is electron transfer from Ni to Pd atoms.
Therefore, Pd and Ni are in the electron —rich and —deficient
state, respectively. 2) H, molecules dissociatively adsorb on Pd
surface and the O atoms of CO, molecule adsorb on the
different Ni atoms separately, which is the stabilized form of
CO, on the Ni surface as calculated by previous studies.*** 3)
The adsorbed H atom on the Pd moves to C atom of adsorbed
CO,, and 4) another H atom adsorbs on vacant Pd site. 5)
Newly adsorbed H atom on Pd surface forms a new interaction
with O atom of adsorbed CO, on Ni surface, and 6) results in
adsorbed HCOOH on Ni surface. 7) Finally, the adsorbed
HCOOH on Ni surface leaves the catalytic surface of
Pd;Ni;/CNT-GR. The mechanism proposed here addresses a
significant role of Pd;Ni; bimetallic system on the selective
formation of formic acid from CO, hydrogenation. Moreover,
the Ni/Pd atomic ratio of PdNi bimetallic system of Scheme 1
(Ni/Pd = 2) is close to the optimized composition of Pd (Ni/Pd =
2.33 for Pd3Niy), which could explain why Pd;Ni; composition
exhibits the outstanding performance in Fig. 5.

4. Conclusion
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In conclusion, we have established a new bimetallic Pd-Ni
system supported on CNT-GR composite for CO,
hydrogenation into formic acid. The unique properties of the
support expose the active Pd-Ni alloy to the surface to
facilitate the interaction with CO, and H, reagents. This work
for the first time provides a valuable strategy to develop a new
heterogeneous catalytic system for the hydrogenation of CO,
toward pure formic acid under mild conditions (50 bar, 40°C)
without base additives. The remarkably enhanced catalytic
activity and selectivity of Pd-Ni alloy compared to
monometallic Pd catalyst has unambiguously proven the need
of bifunctionality in CO, activation. The dilution of Pd by a less
expensive second metal such as Ni not only has economical
advantage but also offers synergistic effect on reactivity and
selectivity of formic acid synthesis from the hydrogenation of
CO,. Furthermore, in comparison with pure formic production
via homogeneous systems in Table S2, our study achieved a
comparable result as formic acid concentration of 0.036 M,
turnover number (TON) of 5.4 and turnover frequency (TOF) of
1.0x 10* s (See ESI for the calculation for TON and TOF) with
exceptionally milder reaction conditions of 45 ml H,0, 40 °C
and 50 bar. Since our TON and TOF values are based on the
total amount of Pd in the catalyst, these values should be
considered as low bound of true values. This approach marks
an obvious advance in the field of heterogeneous catalytic CO,
hydrogenation to formic acid.
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