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Insights into Pt—-CN species on an alumina-
supported platinum catalyst as active
intermediates or inhibitors for low-temperature
hydrogen cyanide synthesis from methane and
nitric oxidet

Atsushi Takagaki, @*? Kyoko K. Bando, @ *° Tatsuya Yamasaki,© Junichi Murakami,”
Nobuya Suganuma,® |. Tyrone Ghampson, ¢ Tetsuya Kodaira, ©¢
Tatsumi Ishihara @< and Tetsuya Shishido @ *99

Methane (CH4) was converted to hydrogen cyanide (HCN) at temperatures from 300 to 425 °C using a
commercial 5 wt% Pt/Al,Osz catalyst with nitric oxide (NO) as an oxidant. HCN yield of ca. 1% was
maintained after 100 h at 400 °C, whereas the yield was increased to 3.2% at 425 °C but rapidly decreased,
resulting in 0.24% after 90 h at 425 °C. In situ X-ray absorption fine structure (XAFS) and Fourier-transform
infrared (FTIR) measurements showed that Pt-CN species emerged and the extent of the adsorbed species
roughly correlated with the production of HCN. However, the Pt-CN species continuously accumulated at
higher temperatures than 400 °C regardless of the catalytic activity. The experiment of purging using
helium gas followed by hydrogen after the reaction of CH; and NO at 425 °C showed that the Pt-CN
species were strongly adsorbed on the Pt catalyst and removed from the catalyst by hydrogen treatment
with simultaneous formation of HCN and NHs. This study revealed that the Pt-CN species can function not
only as important reaction intermediates, but also as inhibitors of the reaction. An appropriate balance of
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Introduction

The CH,-NO reaction has been investigated a few decades
ago as a deNO, reaction in which CH, was used as a
reductant like H, and NH,;.' Pt catalyst could selectively
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Pt-CN species and hydrogen species over the Pt surface is required to produce HCN continuously.

convert hazardous NO in the low concentration (ppm level) to
harmless N, along with the formation of CO,. Recently, low-
temperature activation of CH, has been attracting attention
from both academic and industrial fields because of
increasing demand for avoiding the use of fossil fuels.* The
cleavage of the C-H bond at low temperature usually requires
strong oxidant reagents such as H,0O, in liquid-phase
reactions,”” and NO/O, (NO/NO, oxygen atom shuttle) in gas-
phase reactions,® or the use of non-thermal plasma,'®"
while a representative exception is the system over Cu-zeolite
using molecular oxygen as an ideal oxidant."***

We found that the use of NO as a sole oxidant in the
presence of a Pt/Al,O; catalyst afforded the selective
production of hydrogen cyanide (HCN) from CH, at relatively
low temperatures from 300 to 425 °C.">'® The production
rate of HCN was 11.4 mmol ¢ h™ and the corresponding
turnover frequency was 253 h™*, which was much higher than
that of the plasma-assisted HCN synthesis method using a
Pt/titanosilicate (TS-1) catalyst from CH, and NH; (17.6
h™)."” The Pt/Al,O; catalyst was able to have a high durability
of 100 h and over when the reaction was carried out at 400
°C. While Pt-based catalyst (Pt-Rh gauze) is used for the
industrial production of HCN through Andrussow and BMA
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(Blausdure aus Methan und Ammoniak) processes operated at
high temperature over 1000 °C,*®'° the reaction mechanism
of our study is different from that of the industrial processes
because negligible formation of HCN was observed from a
reaction of CH, with NH; and O, using Pt/Al,O; at low
temperature.'> We previously claimed from the results of in
situ FTIR/mass spectroscopy (MS) and in situ XAFS
measurements that adsorbed Pt-CN species on platinum is
attributable to an intermediate species for the production of
HCN because the dependence of corresponding adsorption
observed for both FTIR and XAFS spectra on the reaction
temperature roughly correlated with that of the activity.
However, a more detailed study for the Pt-CN species was
necessary to understand the reactivity of Pt/Al,O; for the low-
temperature synthesis of HCN. In the present report, the
behaviour of the adsorbed species including Pt-CN was
monitored using in situ FTIR and XAFS measurements from
300 to 425 °C in a CH,~NO gas atmosphere together with MS
measurements for the detection of gaseous products. The
influence of He and H, purge after the reaction at 425 °C on
the reactivity of the adsorbed species was also conducted to
clarify the role of the species. In addition, the long-term
stability of the Pt/Al,O; catalyst was studied at 400 and 425 °C
and the significant difference of the results was discussed.

Experimental
Materials

The alumina-supported platinum catalyst (5 wt% Pt/Al,O3)
was purchased from FUJIFILM Wako Pure Chemical. The
reaction gases comprising CH, (99.9%), 10.4% NO in He, and
He (99.9%) for the reactivity study were purchased from
Fukuoka Oxygen Co., Ltd, and the gases used for in situ XAFS
and FTIR measurements were obtained from Japan Fine
Products. These gases were mixed to use as necessary.

Characterization

The physicochemical properties of the catalysts were
evaluated according to our previous study.'> The ecrystal
structure was determined by X-ray diffraction (XRD, RINT-
2500HLR+, Rigaku), and the specific surface area was
evaluated with nitrogen adsorption (BELSORP mini-II,
Microtrac BEL). The particle size distribution of Pt
nanoparticles was observed using transmission electron
microscopy (JEM-ARM200, JEOL).

Reactivity test

The low-temperature HCN synthesis reaction was conducted
under ambient pressure using a fixed-bed continuous flow
reactor. 100 mg of the Pt/Al,O; catalyst was used, which was
pelletized, crushed, and sieved to a particle size of 315-630
pm. Prior to each experiment, the catalyst was pretreated at
400 °C for 1 h under a flow of 50% H,/He (100 mL min™").
After the pretreatment, the gas was switched to He, and the
reactor was set to the desired temperature. After stabilizing
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the desired temperature for 30 min, the reaction gas
comprising 13.4% CHy, 1.8% NO, and 84.8% He was fed to
the reactor at a total flow rate of 100 mL min~". The reaction
temperature was varied from 300 to 425 °C with 25 °C
increments. The gaseous products were analysed by two on-
line gas chromatographs (GCs) and one Fourier transform
infrared (FTIR) spectrometer. Several products including
HCN, CH;CN, CO, CO,, NH;, N,, N,O and H,O were detected
in addition to the reactants, CH, and NO. The first GC (Nexis
GC-2030, Shimadzu) equipped with a barrier discharge
ionization detector (BID) together with a capillary column
(Restek, Rt-U-BOND, 30 m x 0.53 mm i.d. x 20 um film
diameter) was used for the analysis of CO,, H,0, HCN and
CH;3CN. The second GC (GC-2014, Shimadzu) with a thermal
conductivity detector (TCD) and a molecular sieve column
(MS-13X, 2 m x 3 mm i.d.) was employed for the analysis of
0,, N, and CH,. The on-line FTIR spectrometer (VIR-200,
JASCO) equipped with a triglycine sulphate (TGS) detector
together with a 10 cm gas cell was used to analyse NO, NO,,
N,O, NH;, and CO. The FTIR spectra were taken at a
resolution of 1 cm™" over the range from 7800 to 800 cm .
Quantitative analysis was based on a calibration curve
prepared using a reference gas of known composition.
Conversion and yield were calculated using the equations
provided below. Here, n; is the number of moles of i at the
exit of the reactor, n;, is the moles in the feed, and v; is the
number of carbon or nitrogen atoms in species i.

n
CH, conversion (%) = <1 - &) X100
NcH, .0
. n
NO conversion (%) = (1 - 1o ) %100
nNo,0
. vin;
Yield (carbon based) (%) = —— x 100
NcH,,0

=Y 100

Yield (nitrogen based) (%) o
NO,0

Caution: This experiment requires special attention because
of the highly toxic HCN generated. Always make sure that
there are no leaks from the gas line or the reaction apparatus
and monitor them with a gas sensor.

In situ XAFS/MS

In situ XAFS and MS measurements were carried out in the
BLOC beamline of the Photon Factory at the Institute of
Materials  Structure Science, High-Energy Accelerator
Research Organization (KE-IMSS-PF, proposal nos. 2019G070
and 2020G039). The mass spectrometer (BELMASS,
MicrotracBEL) was employed to analyse the gas products. 100
mg of the Pt/Al,O; powder was pressed into a disc with a
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diameter of 10 mm, and set in an in situ reactor equipped
with Kapton windows which were cooled by circulating
water. Pt Lz-edge XAFS spectra were measured in the
transmission mode using ionization chambers for the
detection of primary (I,, 15% Ar/N,) and transmitted (Ir,
50% Ar/N,) X-ray. The in situ XAFS measurement was carried
out in a quick mode with a 60 s acquisition time per
spectrum over an energy range of 11057-12661 eV. The
composition, and flow rate of the reactant gas and the
temperature in the catalyst pretreatment and reaction were
the same as those in the reactivity test using the fixed-bed
reactor. The spectra of Pt foil and PtO, were taken as
references in a step scan mode and the spectrum of Pt foil
was used for energy calibration. Data processing was
performed using Athena software ver.0.9.26.>°

In situ FTIR

In situ FTIR measurement was performed to monitor the
behaviour of adsorbed species on the catalyst surface after
the reaction followed by hydrogen treatment at 425 °C. An
FTIR spectrometer (FT/IR-610, JASCO) equipped with a
mercury cadmium telluride (MCT) detector was used. A self-
supporting disc with a diameter of 10 mm comprising 15 mg
Pt/Al,0; was placed in an in situ stainless cell equipped with
KBr windows which were kept at 25 °C by circulating cooling
water. The relative gas composition, and flow rate of the
reactant gas and the temperature in the catalyst pretreatment
and reaction were the same as those in the reactivity test
using the fixed-bed reactor.

Results and discussion

The alumina-supported platinum catalyst (5 wt% Pt/Al,O3)
used in this study consists of Pt particles with an average
particle size of 4.3 nm and alumina that is primarily in the y
phase with a partial 0 phase with a surface area of 99 m* g™".

8 40
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2 41 1200
S 3] 11573
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5 2 1103
T
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0- 0.0

300 325 350 375 400 425
Temperature /°C

Fig. 1 Methane conversion and hydrogen cyanide yield (carbon-
based) as a function of temperature for the reaction of methane with
nitric oxide over the Pt/Al,O3 catalyst. Reaction conditions: 5 wt% Pt/
Al,O3 (100 mg), CH4:NO:He = 13.4:1.8:84.8 (total flow rate: 100 mL
min™), and 0.1 MPa.
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The XRD pattern and TEM image of the sample are shown in
Fig. S1 (see ESIf). In our previous study, the reactivity was
evaluated by increasing temperature from 300 to 425 °C
(Fig. 1 and S27)."* After introduction of the reactant gas at
300 °C, 0.02% of HCN carbon-based yield was obtained,
indicating that C-H cleavage, NO dissociation, and C-N
coupling reactions occurred at such low temperature. The
increase of reaction temperature increased the HCN yield
which reached 3.2% at 425 °C. Note that the CH, conversion
increased markedly from 350 °C, and at 350 °C and 375 °C,
most of the product was fully oxidized CO, (Fig. S27).
Thereafter, the yield of CO, decreased, and at 400 °C, the
yields of HCN and CO, were about the same, and at 425 °C,
the yield of CO, decreased to about 1/3 of that of HCN. The
long-term stability has been confirmed at 400 °C for 100 h.
Although the HCN yield at 400 °C was initially 1.9% and
decreased during the early stages of the reaction, it gradually
became steady and reached 0.92% after 100 h. As the initial
yield of HCN was higher at 425 °C than at 400 °C, long-term
tests were also conducted at 425 °C in the present study.

Fig. 2 shows the results of the long-term durability of the
catalyst at 400 and 425 °C in terms of product yields. Both

(a) 400°C
3.5

_| CO,
T HCN

Cco
CH,CN

0 10 20 30 40 50 60 70 80 90 100
Reaction time /h

Product yield /%

Reaction time /h

Fig. 2 Time-course of the reaction for methane with nitric oxide over
the Pt/Al,O3 catalyst at 400 °C (a) and 425 °C (b). Reaction conditions:
5 wt% Pt/Al,0s (100 mg), CH;:NO:He = 13.4:1.8:84.8 (total flow
rate: 100 mL min™), and 0.1 MPa.
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experiments were conducted after introducing CH, and NO
starting at 300 °C and increasing the temperature in 25 °C
steps in the same manner. As mentioned above, at 425 °C,
the initial HCN yield was 3.2%, much higher than at 400 °C.
However, a significant decrease in the HCN yield was
observed, which was quite different from the long-term test
at 400 °C. The HCN yield decreased considerably to 0.15%
after 12 h. Interestingly, however, as the reaction was
prolonged, the HCN yield gradually increased, reaching
0.24% after 90 h. More than 20 points were measured from
12 to 90 h of reaction, and the yield of HCN increased
steadily with time. This suggests that the adsorbed species
on the active site changes dynamically during the reaction.
After the long-term reaction, the spent catalysts were taken
from the reactor and exposed in air. Fig. 3 shows the ex situ
Pt Lz-edge XANES spectra of the spent catalysts after the
reaction at 400 and 425 °C along with the spectra of Pt foil
and PtO, as references. The intensity of the white line in the
XANES spectra of the spent catalyst was weak and closer to
that of Pt foil than that of PtO,. In addition, none of the
spectra of the spent catalysts were represented by a linear
combination fitting of Pt and PtO,. Fig. 3 also shows the
difference in XANES spectra of the spent catalyst and that of
the Pt foil. Both spent catalysts for the reaction at 400 and
425 °C showed similar spectra. Negative absorptions were
observed at 11562 eV whereas positive ones at 11569 eV,
indicating that the energy was shifted due to the formation
of adsorbed species on the catalyst surface. In our previous
study, the increase of absorbance at 11569 eV (A7 eV from
E,) was attributed to the adsorption of Pt-CN species.'’
Because this absorbance at 11569 eV became stronger with
reaction temperature in the in situ measurement, we
assumed that this Pt—-CN species was the active species in the
reaction. However, in the present study, the difference XANES
spectrum of the catalyst reacted at 425 °C, where deactivation
was observed, appears to be similar to that of the spent

2.5 XANES
—— (a) 400°C for 100 h|
—— (b) 425°C for 90 h
2.0 —— (c) Pt foil (ref)
——(d) PtO, (ref)
15
©
(0]
N
© i
£ 1.0
o
Z
0.5
0.0

11540 11550 11560 11570 11580 11590
Energy / eV

Fig. 3 Pt Ls-edge XANES spectra of the Pt/Al,Oz catalyst after the
reaction with methane and nitric oxide at 400 °C for 100 h or 425 °C
for 90 h, and the difference XANES spectra of the spent catalysts and
Pt foil.
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catalyst reacted at 400 °C, where HCN was steadily produced,
suggesting that this Pt-CN species is not merely contributing
as an active species.

These results motivated us to investigate in situ XAFS/MS
measurements from 300 to 450 °C because in the previous
study the XAFS and MS measurements were carried out
separately and the in situ XAFS measurement was examined
from 300 to 400 °C and the data above 400 °C were lacking."®
Fig. 4 shows the in situ XAFS/MS spectroscopy result for the
reaction of CH, and NO over the Pt/Al,O; catalyst. The
reaction temperature was increased by 25 °C increments
from 300 to 450 °C. Each temperature was held for 60 min
and then raised to the next temperature at a rate of 5 °C
min~'. Eight mass signals corresponding to NO and several
products including HCN are shown together with the Pt L;-
edge XAFS absorbance at 11569 eV characteristic of the Pt-
CN species. At the initial stage of the reaction at 300 °C, the
mass signal of 30 (m/z = 30) corresponding to NO was very
small and increased to a certain level with time, indicating
that most of NO was quickly adsorbed on the catalyst and
reacted to form N,O (m/z = 44) or N, (m/z = 28). The N,O
signal was initially quite high but rapidly decreased, which is
in good agreement with the increased NO signal (ie.
decreased NO conversion). The Pt L;-edge XAFS absorbance
at 11569 eV also rapidly increased, and then continued to
increase gradually at 300 °C. When the temperature was
increased to 325 °C, the MS signal for NO decreased,
indicating that more NO gas reacted. The MS signal for N,O
(and CO,) (m/z = 44) increased again then gradually
decreased, but substantially higher than that at 300 °C,
which is in good agreement with the increase of N,O yield at
325 °C in our previous reactivity test."> The MS signal of
HCN (m/z = 27) apparently increased, indicating the
formation of HCN at the temperature. The intensity of the
corresponding XANES spectra monotonically increased from
300 to 325 °C. Thereafter, the MS signal for NO (m/z = 30)

300 °C 325°C 350°C 375°C 400°C 425°C 450°C

XAFS |

NO (30) e L
3 < o
© 8
%‘ 1.10 =
e [0]
Q =
k= ! _;L
% ’ HCN (27) 8
= CN (26) 4 1.05 T&“
[t =
[ ]
rr—e—ry| z

iy
- - A CH,CN (41)
1 1 1 1 1 1 100
65 130 195 260 325 390

Time / min

Fig. 4 Changes of the MS spectra and the XAFS intensity (at 11569 eV)
at various temperatures raising from 300 to 450 °C with 25 °C steps.
Reaction conditions: 5 wt% Pt/Al,O3 (100 mg), CH,:NO:He = 13.4:
1.8:84.8 (total flow rate: 100 mL min™), and 0.1 MPa.
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decreased stepwise with increasing reaction temperature,
consistent with the increase in NO conversion in the reactivity
test. From 350 °C, the formation of NH; and CO, was
pronounced, and the corresponding MS signals (m/z = 17 and
44) also increased. The XANES absorbance decreased once at
350 °C and then increased again. In the previous study,'” at
lower temperature a distinct peak was observed at 11568 eV,
which was attributed to Pt-CO.*"** This suggests that the
increase in 11569 eV at 300 and 325 °C is mainly due to the
adsorbed species of Pt-CO. The apparent decrease of the XANES
absorbance at 11 569 eV from 325 to 350 °C could be due to the
change of adsorbed species from Pt-CO to Pt-CN on the Pt
surface. The same result was obtained for another experiment of
temperature-programmed reaction as shown below. At 375 °C,
the XANES absorbance increased with time, suggesting the
accumulation of Pt-CN species on the catalyst surface. When
the temperature was increased to 400 °C, the XANES absorbance
increased markedly with increasing the MS signal for HCN.
However, after about 15 min, the XANES intensity became
almost constant and simultaneously the MS signal for HCN (m/z
= 27) remained unchanged. At 425 °C, the MS signal for HCN
increased further, and at the same time the MS signal for CH;-
CN (m/z = 41) clearly increased. Thereafter, the MS signal for
HCN gradually decreased with time. On the contrary, the
absorbance of XANES increased monotonically, which is much
different from the mostly constant absorbance at 400 °C. When
the reaction temperature was further raised to 450 °C, the MS
signal for HCN increased again with the signal for CH;CN, but
these signals clearly decreased with the reaction time, indicating
the deactivation of the catalyst at such high temperature. The
XANES absorbance at 11569 eV decreased slightly once only
when the temperature was increased from 425 to 450 °C, but
continued to increase after reaching 450 °C, indicating that Pt-
CN species accumulated on the catalyst surface. These results
show that although the HCN production and XANES absorbance
increased with increasing reaction temperature, the HCN
production and XANES absorbance did not necessarily coincide
at temperatures above 425 °C. Rather, the catalytic activity was
found to decrease with increase in the XANES absorbance,
which is associated with an increase in Pt-CN adsorbed species.

Next, another in situ XAFS/MS experiment was performed
in which the reaction was carried out by raising the
temperature to 425 °C, followed by hydrogen treatment and
then the reaction was implemented again. The temperature
and gas time profiles along with the MS spectra are shown in
Fig. 5. Prior to the reaction with CH, and NO, the catalyst
was pretreated by H, at 400 °C for 1 h the same as our
previous study. After switching H, to He with cooling to 300
°C, the reaction with CH, and NO started at 300 °C for 30
min, then the temperature was increased to 425 °C at the rate
of 10 °C min™" as the temperature-programmed reaction
(TPR). Afterward, the temperature was kept at 425 °C for 30
min in the presence of CH, and NO. At the same
temperature, the gas was changed to He for 30 min to remove
the reaction gas from the cell, and then H, was introduced for
1 h. After 30 min of He purging, the CH, and NO reaction gas

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The time profiles of operating temperature, the gas
composition, and the obtained MS spectra.

was introduced again isothermally. Changes of the MS spectra
during TPR showed the same trend as in the previous
experiment with stepwise temperature changes. It should be
noted that the MS signal for HCN (m/z = 27) increased
significantly from 400 to 425 °C but decreased with time at
425 °C, which is in good agreement with the previous
experiment. After switching to He, all MS signals decreased
with time, indicating the removal of the reaction gas from the
cell. After the He purging, the treatment with H, allowed the
desorption of HCN and NH;, suggesting that some adsorbed
species (likely Pt-CN) on the catalyst surface, which could not
be removed by He purging, reacted with hydrogen to form
HCN and NH;. When the reaction gas composed of CH, and
NO was introduced again after the He purging, the MS signals
for products including HCN, NH; and CH;CN increased with
a rapid consumption of NO at the initial stage of the reaction.

The XANES difference spectra measured simultaneously
with the MS spectra are shown in Fig. 6. At 300 and 325 °C,
the spectra were broad, but at temperatures above 350 °C,
the peak attributable to Pt-CN species was clearly observed
and increased in intensity with temperature (Fig. 6(a)). It
should be noted that the peak at 11569 €V is assigned to the
Pt-CN species in the present study, but this is a simple
assumption because the shape of the spectra implies that it
contains multiple components, and the intensity of the
spectrum does not exactly match that of the Pt-CN species
observed in the FTIR measurement. Although we do not
exclude the possibility that other adsorbed species or
structural changes of the catalyst during the reaction may
also contribute, the present study mainly discusses the
behaviour of the Pt-CN species. At 425 ©°C, the peak
continued to increase with time (Fig. 6(b)) while the MS
signal for HCN slightly decreased shown in Fig. 5. When the
atmosphere was changed from the reaction gas to He, the
peak of AXANES spectra decreased very slightly but
substantially remained unchanged, indicating that the Pt-CN
species were strongly adsorbed on the catalyst surface at 425
°C (Fig. 6(c)). After the introduction of H,, the peak rapidly
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Fig. 6 Pt Ls-edge XANES difference spectra subtraction of the
spectrum just before the introduction of CH; and NO mixture. (a)
Reaction from 300 to 425 °C, (b) reaction at 425 °C, (c) He purge and
H, treatment after the first reaction at 425 °C, (d) the second reaction
at 425 °C after He purge and H, treatment.

decreased to almost zero, indicating the full removal of the
adsorbed species. This is consistent with the formation of
HCN and NH; desorbed from the catalyst surface. After He
purging followed by the introduction of the reaction gas, the
peak at the same position was recovered and increased with
prolonged time (Fig. 6(d)). Note that in Fig. 6(d) the peak top
of the spectrum of the second reaction after 1 min (coloured
in orange) is different from the others. It appears similar to
those at the begging of the first reaction at 300 °C (Fig. 6(a)).
The CO and N, signals in the MS also rose immediately after

Absorbance

2500 2250 2000 1750 1500

-1
Wavenumber / cm

Fig. 7 In situ FTIR spectroscopy results for the reaction of CH, and
NO followed by He purge and hydrogen treatment on the Pt/Al,O3
catalyst at 425 °C. Time (min) indicates that treated with hydrogen.
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the initial introduction of CH,-NO gases, indicating that Pt-
CO was also formed at the beginning of the second reaction.

A similar experiment that reacted with CH, and NO at 425
°C followed by He purge and hydrogen treatment was
examined by in situ FTIR. Fig. 7 shows the in situ FTIR
spectra at 425 °C, which was measured in a transmission
mode using a Pt/Al,O; self-supporting disc set in a stainless
reactor. The reaction was carried out by introducing CH, and
NO at 300 °C followed by increasing the reaction temperature
to 425 °C. The strong absorption was observed at 2148 cm ™",
which is attributed to Pt-CN species.>> When hydrogen was
flowed into the reactor after He purging, the adsorption peak
was decreased with time, indicating the removal of adsorbed
Pt-CN species. This result is in a good agreement with that
of the in situ XAFS/MS measurement. Another experiment
was carried out by the fixed bed flow reactor and the on-line
FTIR spectrometer with a 10 cm gas cell. The experimental
conditions were the same as the in situ XAFS/MS and in situ
FTIR measurements.

Fig. 8 shows the results of products including HCN, NH;,
N,O and CO which were detected by FTIR every two minutes.
When the gas was switched from a mixture of CH, and NO to
He at 425 °C, the concentration of CO increased sharply and
then decreased, indicating the removal of Pt-CO species from
the catalyst surface by He purging. It should be noted that
while the concentrations of HCN and NH; were very low in
the He flow, those were clearly increased by H, treatment.
This experiment further confirmed that the strongly adsorbed
Pt-CN species were removed by H, resulting in the formation
of HCN and NH;. The amount of HCN desorbed was
calculated to be 0.58 umol by integration. The amount of
active sites of the Pt catalyst was 43 umol g *."> As 100 mg of
the catalyst was used for the reaction, the amount of HCN
desorbed corresponded to 13% of the amount of the Pt
surface sites. The results of long-term tests at 400 and 425 °C
were described above in which the total amount of HCN
formed by 90 h reaction at each temperature was 30.5 and

40 0.08
He H
NO 2
X 30 r A 1006 o
> | R co 3
° |\ 8
5 20F f o\ / {004 &
o) 5
§ | s“ \\ A NH3 e
> BV / HCN | 002 2
e 0.00
15 30 45 60

Time/ min

Fig. 8 Yields of gaseous products (HCN (C-based), CO (C-based), N,O
(N-based), and NHsz (N-based)) determined by FTIR spectroscopy
during the reaction CH4,-NO (before 0 min), He purging (0-28 min),
and H, treatment (after 28 min).
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8.0 mmol, respectively. From these values, turnover number
was 7100 and 1860 at 400 and 425 °C, respectively,
reconfirming that HCN was more stably formed at 400 °C.
The steady yield of HCN at 400 °C was 0.92%, which
corresponds to the production rate of 50 umol g ' min™*
and TOF of 1.2 min™. In contrast, the yield of HCN at 425
°C for 90 h was 0.24%, indicating TOF of 0.3 min .
Considering that the amount of HCN desorbed comes from
Pt-CN species adsorbed on the Pt catalyst, it is difficult to
discuss the 13% coverage quantitatively, but this value is
not necessarily off the mark, since the hydrogen species
formed by methane cleavage, the NO-derived active oxygen
species to cleave the C-H bonds of that methane, and even
the nitrogen species for C-N coupling should all be on the
same Pt surface.

We have previously reported the effect of the particle size
of Pt on the HCN formation.'® The HCN yield was higher for
Pt catalysts with larger Pt particles under the same contact
time. The XAFS results of four spent Pt catalysts of different
particle sizes showed that the peak at 11569 eV assigned to
Pt-CN was observed for all Pt catalysts, but the absorption
intensity was higher for the smaller Pt catalysts with lower
HCN yield and lower for the larger Pt catalyst with higher
HCN yield. This result is consistent with the conclusion of
the present study that Pt-CN adsorbed species are both active
and inhibitor species.

Conclusions

The Pt-CN species were formed during the reaction with CH,
and NO and continued to be accumulated at high
temperature, which caused the decrease of catalytically active
sites of Pt. The Pt-CN species were strongly adsorbed on the
catalyst surface which could not be removed in He purge.
The introduction of hydrogen helped to desorb the species
resulting in the formation of gaseous HCN and NH; as
products. Thus, the lack of hydrogen species on the catalyst
surface would be a major reason for deactivation of the
catalyst at temperatures higher than 425 °C. In the present
reaction conditions, the only hydrogen source is CH, in
which the C-H bond is cleaved by oxidation using active
oxygen species which are delivered by dissociative adsorption
of NO. The Pt catalysts are capable to catalyse multiple
reactions including dissociation of NO, activation of CH, and
formation of Pt-CN species as well as desorption of HCN in
which these reactions proceed on the same active sites. The
Pt-CN species are the key intermediate species to produce
HCN, but because of the strong adsorption property, the
species continue to be accumulated on the active sites of the
catalyst when hydrogen supply via CH, cleavage is not
enough. Therefore, the Pt-CN species are not only the
intermediates but also behave as inhibitors. The continuous
production of HCN requires an appropriate balance of Pt-CN
species via C-N coupling and hydrogen species via C-H
cleavage over the Pt surface.

This journal is © The Royal Society of Chemistry 2023
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