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Cobalt based catalysts having enhanced H, dissociation and desorption were synthesized by inserting
a trace amount of palladium. These catalysts were used for the reductive amination of polypropylene
glycol (PPG) to polyetheramine (PEA). The catalytic activity toward PEA was significantly increased by
incorporating an extremely low content of palladium (around 0.01 wt%) into cobalt based catalysts. The
Pd inserted cobalt catalysts promoted reduction of cobalt oxide to cobalt metal and inhibited formation
of cobalt nitride in the reductive amination. The Pd inserted cobalt catalysts not only enhanced
hydrogen dissociation but also accelerated hydrogen desorption by increasing the electron density of
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oxide or cobalt nitride to cobalt metal as an active site for the reductive amination. Thus, the Pd inserted

DOI: 10.1039/d0ra10033a cobalt catalysts provide improved catalytic performance toward PEA production by maintaining the
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1. Introduction

Polyetheramine (PEA) has been employed as curing, coating,
and composite agents in various industries due to its good
flexibility and reactivity." It is anticipated that the considerable
growth in the wind renewable energy industry will boost the
demand for PEA as an element of wind turbine blade compos-
ites. PEA is usually synthesized through reductive amination of
an alcohol like polypropylene glycol (PPG) with a suitable
amount of ammonia under a hydrogen atmosphere.** This
reaction comprises three steps: dehydrogenation of alcohol to
ketone, amination of ketone to imine, and hydrogenation from
imine to amine,>” as shown in Scheme 1. Transition metals
such as cobalt and nickel were mainly used for reductive ami-
nation and metallic cobalt and nickel were known to be the
active species.”° Thus, the presence of metallic species is an
important factor to determine high activity toward amine.

One critical issue in the reductive amination from alcohol to
amine such as in the PEA synthesis is to circumvent the
formation of cobalt nitride that has been considered to disturb
the reductive amination.” For the reductive amination, it was
reported that cobalt nitride resulting from the reaction of cobalt
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metal and ammonia is responsible for the declined catalytic
activity.”** Many research groups thus have tried to reduce the
formation of cobalt nitride by increasing hydrogen partial
pressure.”** For the PEA synthesis, however, it is known that
high pressure (around 200 bar) and temperature (around 220
°C) are required," and it is not appropriate to further increase
the PEA reaction pressure by introducing more hydrogen.

Our prior study presented a way to decrease the formation of
cobalt nitride by inserting Y,0; as a basic site into Co-Pd/
molecular sieve 13X catalysts, which showed enhanced cata-
Iytic performance toward PEA compared to the Y,0;-free cata-
lyst.* The current study focused on a trace amount of Pd into the
cobalt catalysts to find more precisely the role of Pd in PEA
reaction in the Co catalyst. For the first time, this work will
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Scheme 1 Reaction mechanism for reductive amination of poly-
propylene glycol to polyetheramine.
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demonstrate how the Pd incorporation prevents cobalt nitride
formation and improves reactivity toward PEA. In a prior work
on the reductive amination of dodecanol, a significant amount
of palladium was used (5 wt% Pd/C).** When phenol,** n-octa-
nol'® and benzyl alcohol'” were used for the reductive amina-
tion, a considerable amount of palladium was also added
(5 wt% Pd/C, 1.5 wt% Pd/Al,O; and 2.3 wt% Pd/molecular sieve,
respectively). It is necessary to reduce the amount of the
precious metal (Pd) as much as possible due to its high cost.
The catalysts proposed in this study showed not only dramati-
cally enhanced catalytic activity toward the amine but also
promoted reduction of cobalt oxide to cobalt metal and
inhibited cobalt nitride formation by incorporating a trace
amount of Pd metal (around 0.01 wt%) into cobalt catalysts.

It was reported that a key requirement to develop an efficient
hydrogenation catalyst is to improve the release of hydrogen.*®
It was observed that H, desorption occurs at low temperature
from isolated Pd atoms in Au(111) and the Au catalyst provided
the least stable chemisorption state, giving a desorption
ability.” The facile H, desorption would help the subsequent
reactions of hydrogen with other species.

Furthermore, catalysts often have a high activation barrier
for hydrogen dissociation, which restricts the catalytic
activity.®'® Facile dissociation of molecular hydrogen thus has
often been considered as a primary requirement for efficient
hydrogenation catalysts.™ It is known that additional energy is
required for molecular hydrogen to be dissociated into atomic
hydrogen when using a transition metal such as copper or
silver, whereas the noble metals such as Pt and Pd require
relatively low activation energy. For example, the activation
energy for the dissociation of H, is around 0.02 eV for Pd(111),
but for Cu(111) it is about 0.76 eV.*® Cobalt catalysts show
greater chemical adsorption of hydrogen at an elevated
temperature than at room temperature.>>* In order to enhance
the H, activation ability, noble metal-modified catalysts have often
been prepared. The addition of Pd to cobalt helped activation of
hydrogen but the amount of Pd introduced to cobalt was quite
high (atomic ratio of Pd to Co is higher than 33%).>* The Pd-Au
bimetallic catalysts also showed facile H, dissociation and cata-
lyzed hydrogen-involved reactions.” The Pd-Cu catalysts were
found to have a low energy barrier for hydrogen dissociation and
high selectivity to styrene from phenylacetylene through hydroge-
nation with only 0.18 atomic percent of Pd.* However, it was re-
ported that it is normally difficult to develop a catalyst facilitating
both H, dissociation and desorption simultaneously.’***** Thus,
efforts have been made to solve this problem by developing
effective catalysts that have a weak bond with atomic hydrogen as
well as an easy H, dissociation.’®* Tuning d orbitals of the tran-
sition metals is required in order to control the balance between
H, adsorption and desorption.*®

To this end, this work will elucidate how the insertion of
a small amount of Pd improved both H, desorption and
dissociation on the Pd inserted cobalt catalysts, which results in
not only the improvement of the reduction of cobalt oxide but
also the inhibition of the formation of cobalt nitride. This can
be an answer regarding why Pd incorporated cobalt catalysts
showed even better catalytic performance than Co or Pd sole
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catalysts. In order to elucidate how the interaction between Co
and Pd significantly affected the catalytic activity toward PEA,
various kinds of analyses were carried out. X-ray photoelectron
spectroscopy (XPS) will be utilized to check how much cobalt
nitride is formed in each catalyst. H, temperature programmed
reduction (TPR) will reveal how well cobalt oxide is reduced to
cobalt metal. H, temperature programmed adsorption (TPA)
will be employed to evaluate how the addition of a trace amount
of Pd enhances the H, dissociation ability of Pd inserted cobalt
catalysts. Also, H, temperature programmed desorption (TPD)
will confirm how well hydrogen is desorbed from the catalyst
surface. From these results, it will be shown that the enhanced
H, dissociation and desorption ability play an important role in
improving reductive amination of PPG through the reduction of
cobalt oxide and the circumvention of cobalt nitride formation,
which will also beneficially lower the amount and pressure of
introduced hydrogen.

2. Experimental

2.1. Preparation of catalysts

44.035 g of Co(NO,),-6H,0 (ACROS) and Pd(NO;),-2H,0
(KOJIMA) in a fixed amount (0 g, 0.009 g, 0.019 g, 0.037 g and
0.056 g) were used for the preparation of bimetallic Co-Pd
catalysts. Each precursor was dissolved with 200 mL and 10 mL,
respectively, of deionized water (DIW). These solutions were placed
in a glass-reactor equipped with an agitator. An additional 200 mL
of DIW was then introduced with the precursor solution. 195 g of
15 wt% Na,CO; (Sigma-Aldrich) aqueous solution was used as
a precipitation agent and dropped continually to the precursor
solution for 1.5 h, followed by an aging step for 1.5 h. After the
filter cake was washed ten times by DIW (9.0 L), drying and
calcination steps were carried out at 120 °C for 15 h and at 600 °C
for 4 h, respectively. These catalysts were denoted as Co-Pd(x),
where the weight percent (x) was equal to 0, 0.01, 0.02, 0.04, and
0.06 when the amount of the palladium precursor was 0, 0.009 g,
0.019 g, 0.037 g, and 0.056 g, respectively.

For Pd on the molecular sieve 13X (Pd/MS) catalyst, Pd(NOj),-
2H,0 0.056 g (KOJIMA) was dissolved in 10 mL of DIW and then
this solution was sprayed evenly on 12 g of MS 13X for impreg-
nation of Pd on MS 13X. Drying and calcination steps were applied
identically to those in the preparation method of Co-Pd catalysts.
For the Pd catalyst, Pd(NO3),-2H,0 0.50 g (KOJIMA) was placed in
avial and 3.5 mL of DIW was introduced to dissolve the precursor.
Then, 2.0 g of 15 wt% Na,CO; (Sigma-Aldrich) aqueous solution
was dropped continually into the Pd precursor solution with
shaking for 1.5 h, followed by the aging step for an additional
1.5 h. The filter cake was then washed ten times with DIW (100
mL). The drying and calcination process used the same prepara-
tion method as used for the Co-Pd catalysts. For the comparison
purpose, we also prepared Co-Y,O03-Pd catalysts and Co-Y,0;-Pd/
MS catalysts by following the same procedure in our prior work.*

2.2. Characterization of catalysts

Catalysts were characterized to confirm the elemental compo-
sition with inductively coupled plasma optical emission

This journal is © The Royal Society of Chemistry 2020
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spectroscopy (PerkinElmer Optima 8300). The surface area of
the catalysts was determined by N, adsorption-desorption at
a liquid nitrogen temperature of 77.30 K by BEL Japan Belsorp
Max. High resolution powder X-ray diffraction (Malvern Pan-
alytical Empyrean) was used to confirm the crystalline phases of
the catalysts. To check if cobalt nitride was formed, X-ray photo-
electron spectroscopy (XPS) was employed on a Thermo VG
Scientific K-alpha. H,-temperature programmed desorption (TPD)
was also carried out to measure the amount of hydrogen desorbed
from the catalysts. Temperature programmed reduction (TPR) was
utilized to confirm how well cobalt oxide was reduced to cobalt
metal. In addition, Hy-temperature programmed adsorption (TPA)
was employed on a BEL Japan Belcat. The formation of amine was
confirmed from Fourier Transform Infrared Spectrometry (FI-IR)
with ZnSe windows through a transmission method on Thermo
Scientific Nicolet iS50. Each IR spectrum for the PEA products was
obtained through the average of 64 scans, excluding the back-
ground spectrum.

2.3. Reductive amination test

2.3.1. Catalyst activation. Pd amount-dependent-reductive
amination was carried out in a stainless batch reactor (200
mL). 70 g of PPG-2000 (SKC, M.W. : 2000 g mol ") and 2.0 g of the
prepared catalyst powder were placed in the batch reactor. The
reactor was purged with N, 5 times and H, was charged until the
reactor pressure reached 50 bar. The catalyst was activated at
220 °C, and 80 bar for 2 h. After the activation, the temperature
was lowered to 180 °C and H, was vented down to 10 bar at that
temperature. The reactor was cooled until reaching room
temperature and 5 bar of H,. H, was then discharged down to 1
bar. To check if Pd solely affected the PEA reaction, a Pd/MS
catalyst 0.67 g (the same Pd amount as introduced in the Pd
content in Co-Pd(0.04)) and a Pd catalyst 0.009 g (a 10 times
higher Pd amount than the Pd content in Co-Pd(0.04)) were used.
From the ICP-OES analysis, it was confirmed that the Pd content
in Pd/MS and Pd catalyst was 0.12 wt% and 85.0 wt%, respec-
tively. The other conditions were the same as in the catalyst
activation procedures for the Co-Pd catalysts.

2.3.2. Reductive amination. First, NH; was introduced into
the reactor at room temperature. The amount of NH; feeding was
fixed to a mole ratio of NH; to PPG equal to 40 (NH3/OH = 20). The
reactor was then charged with H, at its partial pressure of 20 bar (a
total pressure of reactor at 30 bar). The reductive amination was
carried out at 220 °C and 190 bar for 2.5 h. After the completion of
the reaction, the reactor was cooled to 180 °C and NH; and H, were
vented to 100 bar at that temperature. It was then cooled down
until reaching room temperature and 30 bar of NH; and H,. Then
NH; and H, were discharged down to 1 bar and the remaining NH;
dissolved within PEA products was removed through N, purge.

2.3.3. Post-treatment and analysis. PEA was separated from
the catalyst with a glass filtrator, followed by a N, purge for 1 h
to completely remove remaining NH;. After the catalyst filtra-
tion, the catalyst was well separated from the product. From
ICP-OES, the Co metal content in PEA for Co-Pd (0.04) at P(H,)
= 20 bar was just 0.2 ppm and the Pd metal was not detected in
PEA. The total amine and primary amine amounts were
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measured with a titration method. For the total amine titration,
around 3 g of product was dissolved in 50 mL of isopropyl
alcohol (IPA) in a beaker. Then a few drops of bromophenol
blue (BPB) solution (1 wt% BPB in IPA) were injected to the
beaker as an indicator. The titration was carried out with
a hydrochloric acid solution (0.1 N HCI in IPA) under stirring.
For the primary amine titration, the sum of secondary and
tertiary amine should be titrated prior to the measurement of
primary amine. About 1 g of product was placed in a beaker and
then 50 mL of chloroform was introduced to dissolve the product
as a solvent. Then 3 mL of salicylaldehyde was introduced to the
beaker. After the solution was stirred and maintained for 30 min,
the BPB solution was dropped and the solution including the
product was titrated by using a hydrochloric acid solution (0.1 N
HCl in IPA). The sum of secondary and tertiary amine was
measured via titration and the primary amine amount was calcu-
lated via subtraction of the sum of secondary and tertiary amine
amounts titrated from the total measured amine amount. The
total amine yield was calculated by dividing the total amine mole
number titrated by the PPG mole number as the starting material.
The primary amine selectivity was calculated by dividing the
primary amine mole number through the titration method by the
total amine mole number. FT-IR was also used to check if amine
was actually formed.

2.4. Density functional theory calculation

All the computational calculations were performed with
Quantum Espresso software packages.”® The Perdew-Burke-
Ernezerhof (PBE) exchange-correlation function with spin-
polarization was applied, and the projector-augmented wave
method (PAW)** was used to describe the interaction between
the ionic core and valence electrons with a kinetic energy cutoff
of 500 eV. The initial configuration of cobalt was chosen with
a hexagonal closed packed (hcp) structure from the XRD anal-
ysis, having lattice parameters of ¢ = 0.2507 nm and ¢ =
0.4069 nm.*" From the initial structure, a four-layered p(3 x 3)
supercell was constructed to model the Co(0001) surface, and
the structure of Co-Pd was modeled by replacing one single Co
atom with a Pd atom in the supercell. The Monkhorst-Pack
method*” was used to sample the Brillouin zone with 6 x 6 x 1
k-points grid, and the Methfessel-Paxton method*® was applied
to describe the electron distribution near the Fermi level with
a smearing width of ¢ = 0.2 eV. To calculate the H, adsorption
energy on the metal surfaces, a 15 A vacuum-layer was added to
avoid imaginary interaction of the slab. The bottom two layers
of the slab were fixed, and the upper two layers and the adsor-
bates were relaxed during the calculation. A vibrational
frequency analysis was performed on adsorbed hydrogen atoms
in the optimized structure, and zero-point energy corrections
were included for the resulting adsorption energies.

3. Results and discussion
3.1. Catalytic activity of Pd inserted cobalt catalysts

The elemental composition of the as-prepared Co-Pd catalysts
was determined from ICP-OES (Table 1). With an increasing
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Table 1 Catalyst properties of Co-based catalysts including different
Pd amounts

Contents of Co/

Pd® (wt%)
Catalysts Co Pd Sper” (m? g™ D¢’ (nm)
Co-Pd(0) 78.90 — 5.2 34.7
Co-Pd(0.01) 75.37 0.0102 8.1 34.2
Co-Pd(0.02) 77.49 0.0211 9.5 34.4
Co-Pd(0.04) 76.58 0.0369 8.4 33.6

“ Determined by ICP-OES analysis for the fresh catalysts. ” BET surface
area for fresh catalysts. © The Co crystal size of the fresh catalysts was
estimated by XRD patterns.

amount of the palladium precursor, the palladium content in
the catalysts increased. From the XRD data in Fig. 1, it was
found that for the Pd-free (Co-Pd(0)) catalyst, the Co;0, and
CoO phases still remained (Fig. 1A) after the catalyst activation
step, while the Co catalysts containing Pd were fully reduced to
cobalt metal (Fig. 1B and S1t) from the Co;0, phase (refer to
Fig. S2t). After the amination at P(H,) = 20 bar, the Co-Pd(0)
catalyst had a CoO phase that was not fully reduced from that in
Fig. 1C. For Co-Pd(0.04), no CoO peak appeared in the XRD
data, indicating that the Co metal phase existed after the
reductive amination, as shown in Fig. 1D. The crystal size was
similar to each other from the XRD data in Fig. 1C and D and in
Table 1 (for more data, refer to Fig. S2-S47). Also, the marked
difference in the particle size by Pd addition was not found in
the TEM images (Fig. S51). The amount of Pd included was
around 0.01 to 0.04 wt% by ICP-OES in Table 1, and was too
small for the Pd peak to be observed in XRD (Fig. 1). The catalyst
BET surface area was not much different in the catalysts as
given in Table 1.

Reductive amination for the production of PEA was carried
out to test the activity of each catalyst prepared depending on
the amount of Pd. Fig. 2A shows that the total amine yield at
P(H,) = 10 bar rose with an increasing amount of Pd except for
the case of the Co-Pd(0.04) catalyst. It was quite noticeable that

Co-Pd(0) after activation

Co-Pd(0.04) after activation
Co-Pd(0) after xn at P(H2)=20bar
oCo—Pd(O.Od) after rxn at P(H2)=20bar|

™ N R Pl
“% *
s | ® £ .
§ WMWW
* *
(©) 8 f o *
(D) x| * *

Fig.1 XRD for pre-activated Co—-Pd(0) at P(H,) = 50 bar (A), XRD for
pre-activated Co—-Pd(0.04) at P(H,) = 50 bar (B), XRD for spent Co—
Pd(0) at P(H,) = 20 bar (C), and XRD for spent Co-Pd(0.04) at P(H,) =
20 bar (D). (*): Co°, (0): CoO, (#): CozOa.
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Fig. 2 Catalytic performance of Co catalysts with varying Pd amounts
under P(H,) = 10 bar (A), under P(H,) = 20 bar (B), and IR results for the
PEA product at P(H,) = 20 bar by Co-Pd catalysts (C).

the addition of a trace amount of Pd (just around 0.01 wt%) into
the Co catalyst (Co-Pd(0.01)) brought dramatically improved
the catalytic activity toward PEA. The amine yield was nearly the
same as that when the amount of Pd was 0.02 wt%. Fig. 2A
shows that the primary amine selectivity of the Co-Pd catalysts
was maintained despite that the selectivity normally decreased
with the increasing yield. The primary amine can attack the
partially positive carbon in the intermediates of ketone or
imine, which leads to the formation of secondary amine
(Scheme S17).*

It is known that the catalytic activity in reductive amination
is enhanced by increasing the hydrogen pressure, because the
formation of metal nitride is prevented under H, enriched
conditions.”**** When the hydrogen pressure rose to P(H,) = 20
bar, the amine yield at P(H,) = 20 bar (Fig. 2B) was higher than
that at P(H,) = 10 bar (Fig. 2A). This result was ascribed to the
inhibition of cobalt nitride formation by increasing the
hydrogen partial pressure, which led to the enhanced amine
yield.! This enhanced catalytic activity was further confirmed by
the FT-IR analysis, as shown in Fig. 2C and any intermediates
such as ketone and imine were not found (Fig. S6t). The addi-
tion of a trace amount of Pd into the cobalt catalysts mostly
brought an increase in the formation of amine (about
3378 cm ™ ') while the amount of alcohol (about 3478 cm ™) was
diminished.**”

However, when using a pure Pd catalyst with a 10 times
higher amount of Pd than Co-Pd(0.04) for the PEA reaction, the
catalytic activity was severely low, as shown in the Pd(x10)
results in Fig. 2. Also, when impregnated Pd on MS 13X (the
same Pd amount as in Co-Pd(0.04)) was used for the PEA
reaction to increase the dispersion of Pd, the catalyst perfor-
mance was quite low as well. These results support that cobalt
or palladium as a sole component does not show good catalytic
activity for the PEA reaction, whereas when these two compo-
nents are combined together, the activity toward PEA can be
dramatically improved even with a trace amount of Pd. It

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Catalytic H,-TPR of calcined Co-Pd catalysts. Measurement
conditions: ramping rate 10 °C min~%, 5.0% H/Ar 30 sccm.

indicates that adding a trace amount of Pd is more efficient for
enhancing the amine yield towards PEA (the dramatic yield
increase from 5% for Co-Pd(0) to 47% for Co-Pd(0.01) in
Fig. 2A) rather than just increasing the hydrogen pressure (the
yield increase from 5 to 10% for Co-Pd(0) in Fig. 2A and B).

The catalytic activity toward PEA was also remarkably
increased by inserting a trace amount of Pd to Co-Y,0;-Pd cata-
lysts and Co-Y,0;-Pd/MS catalysts that were studied in our
previous work (refer to Fig. S7 and Table S17)." The incorporation
of a trace amount of Pd (around 0.02 wt%) to Co-Y,03-Pd and Co-
Y,0;-Pd/MS improved the PEA yield (about 72% and 95%,
respectively), whereas the PEA yield in the Pd-free catalysts was
around 21% and 41%, respectively. It was confirmed that the
addition of a trace amount of Pd to cobalt based catalysts brought
a dramatically improved catalytic activity toward PEA in Fig. 2 (also
refer to Fig. S71). Thus, it will be important to understand how Pd
insertion affects the catalytic activity. In the next section, the
positive influence of the addition of Pd into the catalysts on
improving the reactivity toward PEA will be discussed.

3.2. Improved reduction ability of catalyst

Temperature programmed reduction (TPR) was employed to
determine how well the Pd inserted cobalt catalysts were
reduced from cobalt oxide to cobalt metal. It is known that
Co30, phase is reduced to cobalt metal through the CoO
phase.*®*° As shown in Fig. 3, for the Co-Pd(0) catalyst, the first
peak at around 333 °C appeared and the second peak was seen
at about 393 °C. The reduction peak of Co;0, to CoO and CoO to
Co was similar to the first peak (around 333 °C) and the second
peak (around 393 °C) in the TPR data, respectively.* It was re-
ported that PAO was reduced to Pd metal at around 120 °C in
a Pd/Coz0, catalyst* but a reduced peak was not found at that
temperature because the Pd amount was extremely small. In
Fig. 3, the reduction temperature of each catalyst was shifted to
the lower temperature with the increasing Pd amount for both
of the reduction peaks. For the Co-Pd(0.04) catalyst, the first
peak was shifted from about 333 °C to 233 °C and the second
peak was shifted to 308 °C from 393 °C, to the direction of low
temperature compared to the Pd-free case.

This journal is © The Royal Society of Chemistry 2020
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The peak shift of the Co-Pd catalysts to the low temperature
in TPR means that the Pd-inserted catalysts were more easily
reduced than the Pd-free catalyst. This TPR result was in good
agreement with the XRD data (Fig. 1), which showed the
difference in the degree of catalyst reduction depending on the
presence of Pd. The Co-Pd(0.04) catalyst was completely
reduced to cobalt metal after the catalyst reduction (activation)
whereas the inactive cobalt oxide phase still remained for the
Co-Pd(0) catalyst, as shown in Fig. 1A and B.

The cobalt metal is an active site for the hydrogenation and
dehydrogenation steps in the reductive amination.”** When the
reduced spent catalyst to the cobalt metal was used to confirm
the catalyst activity in a long term test, the catalyst activity lasted
for a long time over at least 15 cycles." As shown in Fig. 3, the
addition of Pd to the Co catalysts led to improved catalyst
reduction to the Co metal, which could positively affect the
hydrogenation and dehydrogenation steps, consequently
enhancing the catalytic activity toward PEA as shown in Fig. 2.

3.3. Inhibited formation of cobalt nitride

Cobalt nitride is considered to be an inactive species for
reductive amination.”’> Ammonia strongly adsorbs on the
cobalt metal during the reaction, which can form cobalt nitride
and decrease the catalytic activity of hydrogenation and dehy-
drogenation in the reductive amination.”** In Fig. 2, the PEA
amine yield for the Pd-free Co-Pd(0) catalyst was shown to be
significantly low compared to the Co-Pd catalysts, thus it is
necessary to determine what factors influence this decrease in
the catalytic activity. In order to check if decreasing the Pd
amount affected the formation of the cobalt nitride, XPS anal-
yses were conducted for the spent catalyst after the reaction. N
1s peaks in each sample were compared to estimate the relative
amount of formed cobalt nitride by dividing the N 1s peak area
by the normalized Co 2p peak area (771 eV to 812 eV). Each Co
peak area was almost the same after normalization of the peaks
(refer to Fig. S8t). Fig. 4 shows that the Pd-incorporated Co

Chemisorbed NH,

(~399.5 eV)
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Fig. 4 N 1s XPS for spent catalysts after reaction at P(H,) = 10 bar.
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catalysts had a smaller amount of total nitrogen adsorbed than
the Pd-free cobalt catalyst at P(H,) = 10 bar in the XPS N 1s data.
It is known that the peak at around 397 eV is assigned to cobalt
nitride*>** and the peak at around 399.5 eV indicates nitrogen
from NH, or N, chemisorbed on the catalyst.**** As shown in
Fig. 4, cobalt nitride remarkably appeared at around 397 eV for
the Co-Pd(0) catalyst, whereas the peak intensity of cobalt
nitride gradually decreased with the addition of more Pd to the
catalysts at P(H,) = 10 bar. Thus, this result in XPS N 1s
supports Pd plays an important role in inhibiting the formation
of cobalt nitride through the efficient hydrogen utilization. Also,
XPS N 1s data had a very close relation to the result of the
catalytic activity test for PEA, which showed an increase in the
PEA amine yield with the increasing Pd amount in Fig. 2.

Besides, the peak representing chemically adsorbed NH, at
around 399.5 eV of the Co-Pd(0) catalyst was larger than any other
Co-Pd catalysts at P(H,) = 10 bar as shown in Fig. 4. It was also due
to the less efficient hydrogen utilization for the Pd-free Co-Pd(0)
catalyst. NH; occupied the surface of the catalyst by depleting
hydrogen and a large amount of NH; was chemically adsorbed on
the Co-Pd(0) catalyst as well, judging from the peak at around
399.5 eV in XPS N 1s (refer to Fig. S91). Note that the Co-Pd(0)
catalyst has slightly smaller amount of cobalt nitride (around 397
eV) at P(H,) = 0 bar (Fig. S91) than at P(H,) = 10 bar (Fig. 4), which
was ascribed to more residual cobalt oxide found at P(H,) = 0 bar
than at P(H,) = 10 bar (refer to Fig. S3 and S107).

When increasing hydrogen partial pressure to P(H,) = 20
bar, the formation of cobalt nitride was diminished compared
to that of P(H,) = 10 bar (Fig. 4 and refer to Fig. S117). However,
an increase in the hydrogen pressure did not lead to complete
removal of the cobalt nitride formation, especially for Co-Pd(0)
catalyst, showing the peak for residual cobalt nitride at around
397 eV (refer to Fig. S117). It is thus necessary to come up with
an alternative way to decrease the formation of cobalt nitride,
and the addition of Pd to the cobalt catalyst provides a means of
inhibiting cobalt nitride formation. The Co-Pd(0) catalyst at
P(H,) = 20 bar (Fig. S117) still had large cobalt nitride formation
in spite of having an insufficient cobalt metal source (XRD in
Fig. 1A and C), whereas the cobalt catalysts including Pd showed
relatively a small amount of cobalt nitride. Also the amount of
cobalt nitride in the Co-Pd(0) catalyst formed at P(H,) = 20 bar was
larger than that of the Co-Pd(0.02) and Co-Pd(0.04) catalysts at
P(H,) = 10 bar in Fig. 4. The reductive amination of polypropylene
glycol (PPG) is known to require high reaction pressure for the PEA
synthesis.”>*” Thus, excess introduction of hydrogen is not an
effective way of preventing the formation of cobalt nitride.
Hydrogen could be more effectively utilized in the Pd inserted
cobalt catalysts than in a pure Co catalyst, as shown in Fig. 4. Thus
it will be worthwhile to investigate how a small amount of Pd can
inhibit the formation of cobalt nitride and consequently enhance
the catalytic activity toward PEA.

3.4. Origin of Pd effect

3.4.1. Chemical shift by interaction between Co and Pd. H,
activation is considered to be a key step in the hydrogenation
reaction'® and it often requires additional energy to overcome
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a dissociation barrier of molecular hydrogen.** Thus, prior
studies have focused on various methods for facile dissociation
of molecular H,."** The addition of Pd into the cobalt catalysts
had a remarkable effect on increasing the catalytic activity
toward PEA in this study (Fig. 2). It was in good agreement with
the results for improving the degree of reduction to cobalt metal
from both cobalt oxide and cobalt nitride by Pd addition in the
presence of hydrogen introduced, as shown in Fig. 3 and 4,
respectively. In other words, it can be conjectured that the
addition of Pd brought a considerable change in the hydrogen
adsorption and desorption process on the surface of the Pd
inserted cobalt catalysts.

XPS was employed to check if there was a change in the
electron density of Co contributed by Pd addition in the fresh
bimetallic Co-Pd catalysts calcined at 600 °C. Fig. 5A shows that
with an increasing Pd amount, the binding energy of the core
electrons in Co was shifted to low binding energy in the XPS Co
2p results. For example, the binding energy of the core level
electrons in Co 2p for the Co-Pd(0) catalyst was 779.49 eV, but
the binding energy for Co-Pd(0.01), Co-Pd(0.02), Co-Pd(0.04),
and Co-Pd(0.06) catalysts was 779.43 €V, 779.40 eV, 779.37 eV,
and 779.29 eV, respectively. It is known that this chemical shift
in the core level can be caused by the change in the electron
density of the valence band electrons.*** It reflects that the
electron density of the valence electrons for Co becomes higher
by increasing the Pd amount.

The XPS results showed that there was a chemical shift to low
binding energy of the core level electrons in Co 2p by increasing
the Pd amount, which was attributed to the increase in the
electron density contributed by the valence electrons in Co such
as 3d”4s”. In addition, it was noted for the Co-Pd(0.04) and Co-
Pd(0.06) catalysts that the chemical shift by 0.45 eV to the high
binding energy direction appeared in the XPS Pd 3d results, as
shown in Fig. 5B, while the binding energy in Co 2p moved to
the negative direction. The chemical shift in Co 2p and Pd 3d
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Fig. 5 Co 2p XPS for fresh Co—Pd catalysts (A), Pd 3d XPS for fresh
Co-Pd catalysts (B), calculated density of states for Co and Co—Pd (C).
Solid line: total density of states for each catalyst. Dashed line: partial
density of states for d orbitals of Co. Fermi level is set to 0 eV.
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occurred in the opposite direction to each other. The peak of Pd
3d in XPS was not seen in the other catalysts such as Co-
Pd(0.01) and Co-Pd(0.02) because the amount of palladium was
extremely low (around 0.01 and 0.02 wt%, respectively). The
metal-metal bond between Cu and Pd can lead to a flow of
electron density from Pd to Cu® and the photoelectron binding-
energy for Cu and Pd was shifted to negative and positive,
respectively.’"** It was confirmed that the chemical shift in both
Co and Pd was caused by the interaction between Co and Pd,
causing the electrons to move from Pd to Co from the XPS data,
as shown in Fig. 5.

These XPS results were confirmed further by DFT calcula-
tions. As shown in Fig. 5C, it is clear that almost every density of
states comes from d orbitals of Co in both catalysts. However,
near the Fermi level, the density of states for d orbitals of Co in
the Co-Pd catalyst slightly increased with the addition of trace
amounts of Pd, suggesting that the Co-Pd catalyst has higher
electron density and more electrons could be moved than the
pure Co catalyst. These calculation results further support that
the electron density near the Fermi level in the valence band
increased with the incorporation of a trace amount of Pd into
the Co catalyst, corresponding to the core level shift in the Co 2p
peaks of the XPS results.

It is known that with increasing d-orbital occupancy, H,
desorption can easily occur because the occupied d-band will
have fewer empty orbitals available for bonding with
hydrogen.>=* According to the KUBAS interaction, filled elec-
trons in the ¢ bond of the H-H union are donated to the vacant
metal d orbital and then electrons in a filled d orbital of metal
are back-donated to an unfilled anti-bonding orbital (¢*) of
hydrogen.>**”

The decreased electron transfer from the o bond of hydrogen
to the empty orbital of metal thus can cause weak binding of
hydrogen with metal. In addition, if the back donation to ¢*
increases, it can facilitate breakup of the molecular hydrogen
bond into two atomic hydrogens, forming two M-H bonds.*”
Fig. 5 shows that the electron density in Co was increased by the
addition of Pd from the XPS results and the electronic
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calculation results. Thus, it is expected that hydrogen can be
desorbed easily because H, is weakly bonded to cobalt through
the reduction in the empty orbital in Co. Also, molecular
hydrogen easily splits to form two atomic hydrogens due to the
overpopulation of electrons in ¢* of hydrogen through the
strong back donation from cobalt.

3.4.2. Improved H, desorption by Pd. Facile hydrogen
desorption is important for utilizing hydrogen for hydrogena-
tion reaction. H,-TPD for the Co-Pd(0) catalyst was carried out
depending on the hydrogen adsorption temperature (Fig. S127).
When the H, adsorption temperature was around 30 °C, the
amount of desorbed H, was quite small. However, as H, was
adsorbed at about 130 °C, the H, amount desorbed was
dramatically increased. When the adsorption temperature
further increased to around 230 °C, the desorbed H, amount
declined. In other words, the Co-Pd(0) catalyst requires addi-
tional energy for H, adsorption due to the activation energy
barrier for dissociative hydrogen adsorption. Thus, when the
adsorption temperature was 130 °C, the amount of adsorbed H,
was even higher than that of the adsorption temperature of
30 °C due to the additional obtained energy. However, when the
adsorption temperature was 230 °C, the adsorbed amount of H,
decreased compared to the case at 130 °C because H, desorp-
tion is more dominant at 230 °C than 130 °C.

Fig. 6A presents the H,-TPD results to confirm whether the
addition of Pd into Co has the effect of lowering hydrogen
adsorption energy. H, adsorption was carried out at around
130 °C, which had the highest H, adsorption amount, and it was
found that the peak temperature of H, desorption in each Co-
Pd catalyst gradually decreased with an increasing Pd amount.
For the Co-Pd(0.04) catalyst, the desorption temperature was
about 20 °C lower than the Co-Pd(0) catalyst. In addition, a H,-
TPD test was also carried out for the Co-Pd catalysts reduced
from cobalt nitride to reflect the actual experiment condition.
Cobalt nitride, which was formed at 230 °C in the presence of
NHj3;, was reduced to cobalt metal at the lower temperature than
220 °C in the presence of H, (refer to Fig. S137). For these Co-Pd
catalysts reduced from cobalt nitride, H, was adsorbed at 130 °C

0.2+

Co
Co-Pd

0.04
N — -0.19 eV

081 Hollow
-1.04

Reaction Coordinate

Fig.6 H,-TPD for Co—Pd catalysts that H, was adsorbed at 130 °C. Pretreatment and measurement conditions are the same as in Fig. S127 (A),
DFT calculation result for zero point energy corrected H;, adsorption energies on Co and Co-Pd(0001) surfaces. White and black circles indicate

cobalt and hydrogen atom, respectively (B).
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and then H,-TPD was implemented by using Ar as a carrier gas.
The desorption peak was further shifted (refer to Fig. S147)
compared to that of the H,-TPD results in Fig. 6A with an
increasing amount of Pd.

For the Co-Pd(0.04) catalyst, its desorption temperature was
about 28 °C lower than that of the Co-Pd(0) catalyst (Fig. S147),
meaning that H, can be more quickly desorbed from the metal
surface. From these results in Fig. 6A (also refer to Fig. S147), Pd
helped lower the H, desorption temperature compared to the
Pd-free Co catalyst. The adsorption energy decreased with
increasing occupancy of d-orbital in the metal because the filled
d-orbital has fewer vacant orbitals that can receive electrons
from the ¢ bond of the H-H union.*®*** It thus causes weak
binding of H, with the metal. For the Co-Pd catalyst, since Co
had high electron density by Pd, it had less empty orbitals
available for bonding with hydrogen, resulting in easy H,
desorption from Co.

Also, DFT simulations were carried out to verify the origin of
facile hydrogen desorption in the Co-Pd catalysts. For the
calculation, both the top and hcp/fcc hollow site adsorption are
considered, and the adsorption energies of a hydrogen mole-
cule on the metal surfaces are calculated by using the following
equation:

AE'a.ds = Eslab+adsorbales - (Eslab + EHZ) (1)

The resulting adsorption energies using the p(3 x 3) super-
cell of Co and Co-Pd(0001) surfaces are shown in Fig. 6B. The
zero point energy corrected adsorption energies for Co(0001) are
—0.30 and —1.15 eV at the top and hcp/fce hollow sites, which
are slightly different by ~0.1 eV from the results of prior
studies,*®*® but similar to another result.®*® However, when
a trace amount of Pd was added to Co, the adsorption energies
are calculated as —0.19 and —1.02 eV, which are 0.11 and
0.13 eV lower than the pure Co catalyst. These results indicate
that hydrogen atoms are more weakly bound and can be des-
orbed more quickly from the Co-Pd surface than Co. It there-
fore can be considered that the fast desorption kinetics of
hydrogen from the metal surface may contribute to high cata-
lytic activity of the Co-Pd catalyst, which mainly originates from
weaker binding of hydrogen atoms than in the pure Co catalyst.

3.4.3. Enhanced H, dissociation ability by the insertion of
Pd. H,-temperature programmed adsorption (TPA) was carried
out in order to verify the improvement of the dissociative
adsorption for molecular hydrogen in the Pd inserted cobalt
catalysts. The peaks in Fig. 7 indicate the net amount of
hydrogen adsorption on the Pd inserted cobalt catalysts via the
process between H, adsorption and desorption depending on
temperature. The H, adsorption amount thus was able to be
detected from the consumed H, amount from the thermal
conductivity detector (TCD). The net amount of hydrogen
adsorption for the reduced Co-Pd(0) catalyst increased until the
temperature reached around 131 °C, which means additional
energy for H, adsorption was required for the Co-Pd(0) catalyst.
However, when the temperature was over 131 °C, the net
amount of hydrogen adsorption decreased, which means that
H, desorption surpassed the adsorption at that temperature.
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Fig. 7 H, temperature programmed adsorption of the Co-Pd cata-
lysts. Pretreatment conditions: after catalyst reduction in 5.0% Hy/Ar by
460 °C and temperature was maintained at 460 °C for 15 min in Ar to
remove both free H, and adsorbed H,. Catalysts were cooled to room
temperature. Measurement conditions: ramping rate 5 °C min~%, 5.0%
H,/Ar 30 sccm.

These results were coincident with the TPD data for the Co-
Pd(0) catalyst depending on the adsorption temperature (refer
to Fig. S127). It was difficult to find desorbed hydrogen at the
adsorption temperature of 30 °C, but upon increasing the
adsorption temperature to 130 °C, the amount of desorbed
hydrogen substantially increased because the Co-Pd(0) catalyst
acquired activation energy from the elevated temperature.
Furthermore, the improved adsorption was reduced again
above 130 °C (Fig. S127), corresponding with the results of the
H, adsorption test in Fig. 7.

Fig. 7 also shows that H, adsorption for the Co-Pd catalysts
containing Pd proceeded at lower temperature than that for Co-
Pd(0) from the peak temperature positions. While the peak
temperature for Co-Pd(0) was around 131 °C, the peak
temperature for the Co-Pd catalysts containing Pd was about
121 °C, around 10 °C lower than that for the Co-Pd(0) catalyst. It
is known that molecular hydrogen can be adsorbed and des-
orbed at extremely low temperature below 30 K.'*** These
adsorption peaks in Fig. 7 therefore do not indicate molecular
hydrogen adsorption but rather dissociative hydrogen adsorp-
tion. In addition, the shift to lower temperature of hydrogen
adsorption for the Co-Pd catalysts means that atomic hydrogen
was more easily adsorbed through the H, dissociation process
than that of the Co-Pd(0) catalyst. Because atomic hydrogen
adsorption should come with the dissociation of molecular
hydrogen, the Co-Pd catalysts containing Pd were able to effi-
ciently activate the dissociation of H,.

This shift to lower temperature of hydrogen adsorption was
prominently found in the Co-Pd catalysts containing cobalt
nitride (refer to Fig. S157). In the actual PEA reaction, H, can be
adsorbed on the cobalt metal that is reduced from cobalt nitride
as-formed. In order to reflect the actual experiment conditions,
a H, adsorption test was also carried out for the Co-Pd catalysts
having cobalt nitride formed through introducing 5.0% NH;/He
to the reduced cobalt at 230 °C for 0.5 h (refer to Fig. S13t to
confirm whether cobalt nitride was formed). Separately, it was

This journal is © The Royal Society of Chemistry 2020
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confirmed that cobalt nitride was already reduced to cobalt
metal under the H, environment at temperature lower than
220 °C for the Co-Pd(0) catalyst (Fig. S131). Thus the peaks
existed above 220 °C (Fig. S151) indicate hydrogen adsorption.

For the Co-Pd(0) catalyst, the main peak attributed to the H,
adsorption on cobalt metal appeared at around 300 °C, but the
other catalysts including Pd had a main peak assigned to H,
adsorption at about 242-254 °C. Under the condition that cobalt
nitride can be formed, the addition of a trace amount of Pd to
the cobalt catalysts brought a remarkable shift of the peak for
H, adsorption to lower temperature by higher than 60 °C,
indicating that Pd addition was able to help dissociate molec-
ular hydrogen efficiently.

From the results in Fig. 7 (refer to Fig. S157), this improved
H, dissociation ability may be ascribed to the well-known
spillover effect by precious metals such as Pd and Pt.'®
However, there were still some questions regarding whether
extremely low Pd amounts actually enabled large amounts of H,
to be dissociated enough via only the spillover effect. It was
found that these results from the H,-temperature programmed
adsorption test were in close agreement with the chemical shift
to lower binding energy of Co 2p in XPS with increasing Pd
amounts. Pd addition into Co caused an increase in the electron
density of valence electrons of Co, which means that Co was
quite capable of back-donating electrons to the anti-bonding
orbital of hydrogen, resulting in easy hydrogen dissociation
into two atomic hydrogens. The Co catalysts containing Pd
activated molecular hydrogen, as found in the results of atomic
hydrogen adsorption, at lower temperature than the Pd-free
cobalt catalyst.

It is known that the catalysts that bind H weakly often have
a high activation barrier for H, dissociation,'®'>*® which means
it is difficult to meet the two requirements of facile H,
adsorption and desorption. Because the catalysts with improved
H, desorption ability have weak binding energy through
receiving a relatively small amount of electrons from
hydrogen,®= they can back donate just a small amount of
electrons to the anti-bonding orbital (¢*) of hydrogen, which
will have difficulty in dissociating hydrogen.***” For the Co-Pd
catalysts, although fewer electrons were donated to Co from the
¢ bond in the H-H union, Co was able to properly donate
electrons to the anti-bonding orbital of H, to dissociate
molecular hydrogen while compensating for the deficient elec-
trons ascribed to receiving fewer electrons from H, because Co
has relatively high electron density by Pd.

Thus, it was confirmed from the H, adsorption test (Fig. 7)
that the Co-Pd catalysts were able to enhance the H, dissocia-
tion ability in spite of the poor environment of accepting fewer
electrons from H,. Pd added in a small quantity not only
enabled the Co-Pd catalysts to have a facile H, desorption
ability but also helped back-donate electrons for the improved
H, dissociation. Therefore, the fast adsorption-desorption
kinetics from Fig. 6 and 7 will play an important role in utilizing
hydrogen for reducing inactive species such as cobalt oxide and
cobalt nitride to cobalt metal as an active site.

In this work, non-supported bimetallic Co-Pd catalysts were
mainly studied to investigate the effect of a trace amount of Pd
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in Co catalysts on reductive amination. In order to develop more
economical catalytic system, the amount of active materials
should be reduced by an increased metal dispersion through
various kinds of support. Also, if a precious metal such as Pd
can be replaced by another non-precious metal, it can help
develop a novel catalyst for the competitive reductive
amination.

4. Conclusions

The cobalt catalysts including extremely trace amounts of Pd
showed enhanced catalytic activity toward PEA compared to the
Pd-free cobalt catalyst. Addition of Pd into Co helped remark-
ably reduce cobalt oxide to the active cobalt metal and sup-
pressed the formation of cobalt nitride inactive to the PEA
synthesis. The insertion of a trace amount of Pd in Co thus
could be an alternative way of efficiently decreasing cobalt
nitride, rather than increasing the reaction pressure. The
reducing ability and the inhibited cobalt nitride formation were
elucidated by the following two factors. First, the addition of Pd
resulted in improving H, desorption. The Pd inserted cobalt
catalyst showed low H, desorption temperature compared to
the Pd-free cobalt catalyst, which was ascribed to low adsorption
energy due to the increase of occupancy in the Co valence
orbital. Second, the Pd inserted cobalt catalysts showed an
enhanced effect of activating hydrogen through increment of
the electron density in valence electrons of Co, which resulted
in strengthening back-donation of electrons to the anti-bonding
orbital in hydrogen. Increasing back-donation to the anti-
bonding orbital caused molecular hydrogen to break up into
two atomic hydrogens, and this effect accompanied lowering
hydrogen adsorption temperature. The facile H, desorption and
enhanced H, activation are key properties for the Pd-inserted
cobalt catalysts. These features will play a remarkable role in
reducing cobalt oxide to cobalt metal and suppressing cobalt
nitride formation by employing dissociated hydrogen desorbed
on the surface of the Pd inserted cobalt catalysts, which will
enhance the PEA yield and help in lowering the hydrogen
pressure in the PEA reaction.
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