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The effect of OH-groups on the surface of a Ni catalyst for low-temperature (473 K) steam reforming of

methane in an electric field (EF) was investigated. Ni-doped YSZ (Zrge5Y0.05Nig302) was chosen as

a highly active catalyst for this purpose. The effects on catalyst activity of adding hydrogen and steam in

the pre-treatment were assessed with and without EF. When an EF was applied, activity increased

irrespective of the electronic state of Ni, whereas the metallic Ni state was necessary for activity without

EF. Furthermore, the highest activity with EF was observed for the pre-treatment with a mixture of H,
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and H,O. Investigation of the superiority using XPS measurements showed an increase in the amount of

Ni(OH),, OH groups and H,O near the surface after the activity test, which are regarded as the reaction
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rsc.li/rsc-advances

1. Introduction

With the anticipated expansion of hydrogen utilisation, there
are high hopes for innovation in hydrogen production tech-
nology. Steam reforming of methane at high temperatures,
which has been the mainstream of hydrogen production to
date, has been industrialised on a large scale worldwide." Steam
reforming of methane proceeds as in eqn (1) below, followed by
a water gas shift reaction as in eqn (2), so that the overall
reaction is expressed as in eqn (3).

CH,4 + H,O — CO + 3H,, AH0s" = 206.1 kI mol™' (1)
CO + H,0 — CO, + Hy, AHpg" = —41.2 kI mol™'  (2)
CH, + 2H,0 — CO, + 4H,, AH,0" = 164.9 kI mol™'  (3)

The steam reforming reaction, a highly endothermic reac-
tion, has been reported as only being able to proceed at
temperatures higher than 1000 K using Ni-based catalysts.*”
Under such severe conditions, catalyst deactivation and carbon
deposition are likely to occur, which poses a challenge. Also
such a process requires a large scale operation. A methane
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sites with EF. This finding suggests that a pre-treatment with steam increases the surface OH groups and
Ni(OH), on the Ni catalyst, and enhances surface proton conduction, thereby improving the activity.

steam reforming process that can proceed at lower tempera-
tures with a small scale is highly anticipated.

We investigated the catalytic reaction in an electric field
(denoted ER), in which the catalytic performance is improved by
application of a direct current to the catalyst bed.**® The reac-
tion mechanism in ER was investigated; results showed that the
proton conducts on the CeO, by the Grotthuss mechanism and
collides with methane, which promotes the activation of
methane.””

Consequently, the reaction mechanism of methane steam
reforming in ER differs from the conventional catalytic reaction
by heating (denoted SR): in ER, proton conduction at the surface
(surface protonics) is a crucially important factor for high activity
in methane steam reforming under the application of EF. For this
study, yttria stabilised zirconia (YSZ),*® which exhibits surface
proton conductivity, was used as a catalyst support and was
doped with Ni, which is the most suitable active metal for steam
reforming.' Active metals are known to be highly dispersible and
loaded by reduction treatment after doping.">** For methane
steam reforming at low temperatures, we investigated utilisation
of the surface protonics on the catalyst, and investigated the
effects on ER activity attributable to changes in the protonics
when the amount of hydroxyl groups and adsorbed water on the
catalyst are controlled by pre-treatment.

2. Experimental
2.1 Catalyst preparation

For this experiment, we prepared Ni-doped YSZ: Zry ¢5Y0.05
Ni, 30, as catalysts using a complex polymerization method,
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which had shown the best ER activity in our earlier work with
hydrogen reduction pre-treatment (H,/Ar = 60/60), 873 K for
1 h. After ethylene glycol and citric acid were dissolved with
distilled water, we added each nitrate: ZrO(NO3), 2H,0, Y(NO3)3
6H,0, and Ni(NO;), 6H,0 (Kanto Chemical Co. Inc). This
mixture was heated at 343 K for about 20 h with stirring.
Subsequently, the water is dried up by stirring on a hot stirrer to
make the powdery mixture. After the powder was calcined at 673
K for 2 h with the ramping rate of 5 K min~ ", it was calcined at
1123 K for 10 h with the ramping rate of 10 K min~".

2.2 Activity test

We conducted catalyst activity tests using a fixed-bed flow-type
reactor. Catalysts of 80 mg (355-500 um grain diameter) were
filled in a quartz tube (8.0 mm o.d., 6.0 mm i.d). The catalyst
bed height was about 2.0 mm. Before the activity tests, we
conducted various pre-treatments at a furnace temperature of
873 K for 1 h with the ramping rate of 10 K min~". The
components of pre-treatment gas were H,:H,O:Ar =
x : (60—x): 60 (x =0, 12, 30, 48, 60), total flow: 120 SCCM or inert
Ar only (total flow: 60 SCCM). The catalyst bed temperature was
measured using a thermocouple inserted into the catalyst bed.
The furnace temperature was controlled at 473 K when applying
EF and at 543-673 K when not applying EF (because no activity
was observed at 473 K without EF). We inserted two stainless
steel electrodes (2.0 mm o.d.) into the reactor and attached
them to both the top and the bottom of the catalyst bed. We
applied direct current (DC; 3-9 mA) to the catalyst bed. The
response voltage was recorded using a digital phosphor oscil-
loscope (TDS 2001C; Tektronix Inc). The reaction gas compo-
nents were CH, : HyO : Ar=1:2: 7 (120 SCCM total flow). The
production gas, CH,, CO, and CO,, was analysed using a gas
chromatograph (GC-2014; Shimadzu Corp.) with a flame ioni-
zation detector (FID) using a methanizer (Ru/Al,O3) and H, was
analysed by a TCD gas chromatograph. The reaction rate was
calculated using the amount of CO and CO, produced (r¢o +
co,)- The CH, conversion and CO, selectivity were calculated
using equations shown in ESI.}

2.3 Characterisation

In situ transmission XANES measurements were taken to esti-
mate the electronic state of Ni in the bulk material at different
pre-treatments. Catalysts of 17.05 mg and 121.5 mg of BN were
mixed for 2 h in an agate mortar as a suitable quantity for
XANES measurements. The mixture was placed in a moulding
machine and was pressed at 60 kN to form a 10 mm ¢ disc. The
disc was placed in an in situ cell, which was then installed in the
XAFS measurement system at the beamline BL14B2 or BLO1B1
of SPring-8 in Hyogo, Japan. The cell was pre-treated with a gas
flow of H, : H,O : He = (30—x) : x : 90 (x = 0, 15, 30, total flow
rate 120 SCCM) at a cell temperature of 873 K and a holding
time of 1 h. After the pre-treatment, the temperature was
controlled to be 473 K for evaluation with following gas flow;
CH,:H,O:He = 1:2:7. As standard samples, Ni foil,
Ni(OH),, and NiO were used.
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An XPS system (PHI5000 VersaProbe II; Ulvac-Phi Inc.) was
used to estimate the state near the surface after each pre-
treatment and after the ER test. About 80 mg of each catalyst
was first pre-treated with H, : H,O : Ar = (60—x) : x: 60 (x = 0,
30, 60, total flow: 120 SCCM) at a furnace temperature of 873 K
for 1 h, using the reactor described in Section 2.2. The
temperature was then controlled to be 473 K. The total flow rate
of the reaction gas was 120 SCCM, with reaction gas of CH,-

:H,O: Ar=1:2:7.Current of 9 mAwas applied to the catalyst
bed for 30 min. After each pre-treatment and after application of
the EF, the reaction tube was placed in a glove bag to avoid
exposure to the open air. It was then placed in a transfer vessel
under high purity Ar conditions. The transfer vessel was placed
in an XPS apparatus. We obtained the peak of C 1s, O 1s, and Ni
2p,,; from the measurements. The peaks attributed to C-C and
C-H bonds in the C 1s orbital were charge-corrected to 284.8 eV.
As Ni standards, Ni foil, Ni(OH),, and NiO were used.

Other characterizations including XRD, BET, etc. are pre-
sented in ESL.}

3. Results and discussion

3.1. Catalytic activity

As the catalyst, Ni, which is known to be highly active for steam
reforming of methane, was chosen: YSZ catalysts doped with it
were prepared. The catalytic activity of methane steam reform-
ing over conventional heated catalysis (SR) and low-temperature
catalysis with an applied electric field (ER) were compared after
reductive deposition of Ni as the active site. Prepared Ni-YSZ
catalyst showed high activity compared to other Ni catalysts in
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Fig. 1 Results of activity tests conducted with and without the EF:
catalyst, Zrg.65Y0.05Nio 302 and Zrg 95Y0.0502; catalyst amount, 80 mg;
pre-treatment, H, : H,O : Ar=x: (60—x) : 60 (x = 0, 30, 60); reaction
gas flow, CH4 : H,O : Ar=1:2: 7; total 120 SCCM; furnace temp.: 473
K with EF, 543-673 K without EF.
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EF, so the correlation between surface structure and activity was
investigated under various pre-treatment conditions with steam
and/or hydrogen for this catalyst. Three pre-treatment condi-
tions were used: only H,0, H,O + H, mixture, and H,. The
results are presented in Fig. 1 (and Table S1 in ESIf). The
catalyst which was pre-treated with steam only (i.e. H, : H,O =
0 : 60) showed no SR activity, even at 673 K, because the Ni was
regarded as oxidised by the steam. The Ni° state is generally
known to be necessary for the conventional catalytic reaction by
heating, which proceeds by the Langmuir-Hinshelwood
mechanism.'™"*'* In the steam-only pre-treatment, Ni is regar-
ded as oxidised, therefore is inactive. However, the low-
temperature catalytic reaction with the application of EF
showed sufficient activity with only a steam pre-treatment,
which indicates that the reaction in ER proceeds by
a different reaction mechanism than in SR, even on oxidized Ni.
Furthermore, to confirm the role of the presence of Ni, ER
activity was measured using pre-reduced YSZ without Ni
doping, which showed much smaller ER activity than Ni-YSZ.
These phenomena are not electrode-dependent, and the same
results can be obtained with carbon rod electrodes and other
electrodes, regardless of the material of the electrode. There-
fore, it was found that Ni has an important role in the activity in
ER, and that YSZ only is not sufficient. Furthermore, from Fig. 2,
the ER activity was in the order of H, : H,O = 30: 30 > 12 : 48 >
48:12 > 60:0 > 0: 60 as the composition ratio of the pre-
treatment. The simultaneous supply of hydrogen and steam
was found to have a higher ER activity than the hydrogen
reduction and steam pre-treatments. This difference was
observed to persist during the long-term test (ESI Fig. S27). This
result indicates that the difference in ER activity between these
different pre-treatment conditions persists for a long time, the
difference is not a transitional state phenomenon.

0.25
Pretreatment H,/H,O
ook 30/30
c
'€ 12/48
5 0151 48/12
: o
< 0.1} /// Ar only
5 60/0 //0/60
~ 0.05f
0 | 1 1 1
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Imposed electric power / W

Fig. 2 Results of activity tests conducted with the EF: catalyst,
Zr0.65Y0.05Nig 305; catalyst amount: 80 mg; pre-treatment, H, : H,-
O:Ar=x:(60—x):60 (x =0, 12, 30, 48, 60), or Ar only; reaction gas
flow, CH4 : H,O : Ar=1:2:7; total 120 SCCM; furnace temp.: 473 K;
current: 3-9 mA.
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3.2. Evaluation of the Ni state by XANES

To clarify the differences in activity between SR and ER by the
different pre-treatments, the Ni state of the catalyst after pre-
treatment was evaluated using in situ XANES. In situ XANES
measurements were taken under three pre-treatment conditions:
only H,, H,O + H, mixture, and only H,O. The XANES spectra
after preparation, pre-treatment, and in the reaction atmosphere
are depicted in Fig. 3. The Ni state of the as-made catalyst was
confirmed to be NiO. These comparisons of pre-treatments by in
situ XANES indicated differences in the bulk Ni state. For the two
pre-treatments with steam in the composition of the pre-
treatment gas; H, + H,O mixture and only H,O, the bulk Ni
state was confirmed to be NiO. For the hydrogen reduction pre-
treatment with only H,, the bulk Ni state was identical to that
of Ni foil, i.e., metallic. These results indicate that the ER activity
is independent of the bulk Ni state and that oxidised nickel can
also be highly active, even in the oxidised state. We have already
studied the reaction mechanism in the ER.>**"” In the literature,
we concluded that the reaction is promoted by the application of
an electric field, which causes the proton conduction over the
catalyst support to collide with methane at the ‘interface’
between the support and the active metal. The surface protonics
changes significantly when the electric potential is switched on
and off, which can be confirmed by surface operando analysis
using infrared spectroscopy.® The rotational spectrum of adsor-
bed water appears at 855 cm ' only when an electric field is
applied. Also, by comparing two TOFs; by the specific surface
area of active metal (TOF-s), and by the length of its perimeter
(TOF-p), and we found that the activity of the ER was strongly
dependent on the TOF-p. As described in the previous section,
the reaction in the electric field proceeds regardless the electrode
material. Therefore, we believe that ER does not necessarily need
the metallic surface of the supported metal to show the catalytic
activity, but only the particle interface. Therefore, we considered
that ER activity could occur even with NiO rather than Ni in the
metallic state.

3.3 Evaluation of the Ni state near the surface

Next, we observed the surface states of Ni for these catalysts
after each pre-treatment by XPS because the state of the surface
Ni is regarded as dominating the catalytic activity. The Ni and O
spectra were obtained for the three pre-treatment conditions;
only H,, H,O + H, mixture, and only H,O, respectively, after pre-
treatment and after ER testing. Fig. 4 and 5 portray the XPS

Normalized Absorption / -
Normalized Absorption / -
Normalized Absorption / -

8300 8320 8340 8360 8380 8400 8300 8320 8340 8360 8380 8400 8300 8320 8340 8360 8380 8400
Energy / eV Energy / eV Energy / eV

Fig. 3 Ni K-edge XANES spectra with various pre-treatments: (A)
H, :H,O = 30:0 (SCCM); (B) Hy: H,O = 15:15; (C) Hy: H,O =
0:30; Catalyst: Zr0.65YO.05NiO,302-
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Fig. 4 XPS spectra for O 1s after various pre-treatments followed by
reaction (A) without application of EF and (B) after the application of
the EF of 9 mA.

spectra. Table 1 presents the Ni and O composition ratios. The
ratio of Ni(OH),, OH and H,O at the surface increased only
under the pre-treatment condition of H, : H,O = 30 : 30, where
hydrogen and steam were supplied simultaneously. The ratio of
any of them decreased under other conditions. The increase in
Ni(OH),, the OH and H,O ratio were then compared with the
results of the ER test, as described in Section 3.1. The surface
OH group and adsorbed H,O mediate the Grotthuss mecha-
nism, one of the proton migration mechanisms. Under pre-
treatment conditions in which hydrogen and steam were
supplied simultaneously (H,:H,O = 30:30), the ratio of
Ni(OH), increased, and it also plays a role on surface proton
conduction. We examined the catalytic activity of Ni(OH),
without catalyst support in the EF, and we confirmed that the
Ni(OH), showed catalytic activity on steam reforming of

s (
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Fig. 5 XPS spectra for Ni 2ps,, after various pre-treatments followed
by reaction (A) without application of EF and (B) after the application of
the EF of 9 mA.
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Table 1 Comparison of the ratio from O 1s, Ni 2ps/» XPS spectra: (A)
after pre-treatments without application of EF; (B) with application of
the EF of 9 mA; sample, ZrgesY0.0sNig 302, pre-treatment, Hy : Ho-
O :Ar=x:(60—x):60 (x =0, 30, 60)

A)

Sample Ratio /-

H,/H,0 o* OH H,0 | Nimetal NiO  Ni(OH),
60/0 0.59 0.41 0.01 0.28 0.72 0
30/30 0.72 0.26 0.02 0.15 0.82 0.03
0/60 0.50 0.27 0.23 0 0.02 0.98

[

Current 9 mA, 30 min applied under reaction atmosphere

B) 4

Sample Ratio / -

H,/H,0 oz OH H,0 | Nimetal N0  Ni(OH),
60/0 0274 0390 0344 | 013y 043¢ 0449
30/30 0.554 0.3119 0.151 0.281 0.234 0.491
0/60 0.454 0.341 0.21d 0- 0.01 - 0.99 -

methane in the EF (see ESI Fig. S3t), so the role of surface
protonics on Ni(OH), has confirmed experimentally.

3.4 Discussion

The differences in activity of Ni-doped YSZ catalysts in the
methane steam reforming reaction with hydrogen and/or steam
as a pre-treatment were investigated for two reactions: heated
catalysis (SR) and electric field-applied catalysis (ER).

Results showed that the catalyst after steam treatment, which
was not active in SR, was highly active in ER. Results obtained
from XANES and XPS showed that Ni was oxidised by the steam
treatment in both cases. Therefore, it is clear that ER activity can
occur irrespective of the electronic state of Ni, supporting the
conventional low-temperature catalytic reaction mechanism by
the surface protonics.”*"” Because YSZ is also a proton
conductor, it is useful as an interface between the support and
the active metal irrespective of its electronic state. The ER activity
of Ni-doped YSZ was regarded as occurring in the presence of an
interface between the catalyst support and the active metal.’

Furthermore, higher ER activity was observed when
hydrogen and steam were mixed in the pre-treatment. The
highest activity was obtained when H, and H,O were mixed in
equal amounts. To investigate the factors responsible for this
activity order, XPS measurements of the electronic structure of
O and Ni near the surface showed that the ratio of Ni(OH),, OH
and H,O increased only after pre-treatment with a mixture of
equal amounts of H, and H,O. This finding leads us to believe
that the surface protonics, which is important in ER, was
improved because of the increased ratio of OH and H,O on the
surface, not only on the catalyst-support but also near Ni, and
caused high reaction activity of Ni-doped YSZ.

4. Conclusion

To carry out steam reforming of methane efficiently at low
temperatures for hydrogen production, the catalytic activity of
a Ni-doped YSZ catalyst was investigated by application of a DC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electric field to the catalyst. The catalyst after steam treatment
showed no activity at any temperature by conventional heated
catalysis. However, the catalysts with a DC electric field were
found to be highly active after the steam treatment, even at low
temperatures. Both XANES and XPS showed that, in both cases,
Ni was oxidised by the steam treatment. Therefore, the steam
reforming activity in the EF proceeds at lower temperatures by
virtue of the surface protonics, independent of the electronic
state of Ni. Furthermore, results demonstrated that pre-
treatment with hydrogen and coexisting steam caused higher
performance in the EF because such pre-treatment increased
the ratio of Ni(OH), on the catalyst. We consider that the
increase in the ratio of OH and H,O on the surface near Ni as
well as on the support is also effective for low-temperature
catalytic reactions through surface protonics, which results in
high reaction activity.
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