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The syngas mixture of CO and H,, e.g. from natural gas reforming, is currently an important feedstock
supplier for the synthesis of nhumerous chemicals. In order to minimize fossil source dependency and
reduce global warming, alternative processes to produce syngas, such as high-temperature co-
electrolysis of H,O and CO, via the internal reverse water-gas shift (RWGS) reaction, may be meaningful.
In this study, the influence of the H, : CO, ratio on the activity, selectivity and stability of the as-prepared
Lao.75Sr0.25Crg sMng s0=_5 (LSCrM) and NizSn, as well as commercial Ni and Gd-doped CeO, (GDCjyq)
powder materials for the reverse RWGS reaction was investigated in a tubular quartz glass reactor at
700 °C and 800 °C and ambient pressure. The highest conversion factor close to the maximum value of
50% for CO was yielded for the LSCrM, Ni and GDC,q samples by applying a 0.5 : 0.5 H, : CO, feed ratio
at 800 °C. Similar activity was calculated for the NizSn, alloy after normalization to the Ni mass content.
Moreover, all the investigated catalysts exhibited higher selectivity for CO and H,O products than Ni,
with which CH4 molar concentrations up to 0.9% and 2.4% were collected at 800 °C and 700 °C,
respectively. The influence of feed pressure on the carburisation process was inspected in a tubular Ni—
Cr reactor. Under a carbon-rich gas mixture at 3 bar and 700 °C, large amounts of graphitic carbon
were deposited solely on the Ni sample after 100 h of exposure time. After the exposure of the powder
materials to 0.5:0.5 and 0.9:0.1 H,: CO, atmospheres for 300 h at 700 °C and 10 bar, traces of
amorphous carbon were surprisingly detected only on NizSn, powder via Raman microscopy. Thus,
because GDC,g ist not active for electrochemical H, production, LSCrM or a mixture of both LSCrM and
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DOI-10.1039/d0ra00362) GDC,o materials appears to be the most promising candidate for Ni substitution in high-temperature

rsc.li/rsc-advances H,O/CO, co-electrolysis.

Ni cermet is currently the most common cathode material
for H,O/CO, co-electrolysis due to its appropriate catalytic

1. Introduction

1.1 High temperature H,O/CO, co-electrolysis

Because renewable energy sources are subject to seasonal fluc-
tuations and fossil resources are limited, innovative energy
storage strategies are urgently needed.“” High temperature
H,0/CO, co-electrolysis is one of the most energetically efficient
processes to recycle climate-wrecking CO, with green electricity
into chemically valuable syngas (a mixture of H, and CO),
particularly if process vapour is available. This syngas can be
further transformed into more valuable products, such as
methane, alcohol, hydrocarbons (e.g. e-fuels via the Fischer-
Tropsch process) and chemicals.
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activity, high electronic conductivity, low cost and thermal
expansion coefficient, which is close to that of the YSZ electro-
lyte.> When using Ni/yttria-stabilized zirconia (YSZ) as a cathode
material, it was suggested that CO, to CO conversion occurs
mainly through the RWGS reaction and to a lesser extent via
electrochemical CO, reduction.*®

However, Ni is subject to degradation due to a variety of
mechanisms. Particle agglomeration, densification and migra-
tion from the electrolyte/electrode interface are the most
important issues responsible for cell degradation, especially at
high current density.” In addition, Ni is prone to oxidation,
which necessitates the addition of reducing gas such as Hy; it
also has poor tolerance to impurities®® and favours carburiza-
tion in a low-humidity hydrocarbon atmosphere. The nature
and location of deposited carbon during SOFC operation with
a hydrocarbon gas mixture at Ni/YSZ depends on the C-H-O
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ratio and operation temperature.” A further degradation
mechanism at Ni alloys at high temperatures is related to
carbon formation, e.g. metal dusting via carbide formation.™ At
high cell current densities under transport-limiting conditions,
carbon monoxide may be reduced to carbon (1).** Ni also
catalyses the disproportionation of CO (Boudouard reaction)
(2), and at high temperature, methane carburisation (3) may
occur:*

CO(g) + Hu(g) — C(s) + HyO(g), reverse water-gas reaction (1)
2C0O(g) — COs(g) + C(s) CO, disproportionation 2)
CHy(g) — C(s) + 2H,(g), methane carburisation (3)

However, under typical SOEC operating conditions, CO, and/
or H,O are present in the reaction gas; therefore, reaction (1) is
usually not critical. If the SOEC is operated at higher pressure
and lower temperature, the Boudouard reaction (2) and the
reduction of CO (3) will be promoted. In previous study, we
successfully tested NizSn, as an anode material in direct
methane solid oxide fuel cells (DMSOFC), which are usually very
favourable for coking reactions.* Interestingly, this material
exhibited excellent stability against carbon formation over more
than 650 h at 850 °C; this was explained by the occupation of
carbon nucleation sites by Sn atoms in the vicinity of Ni atoms.*
Therefore, the intermetallic Ni;Sn, phase was considered as
a possible cathode material for co-electrolysis.

Because of their high redox stability, relatively good mixed
ionic and electronic conductivity and low activity for carbon
formation, perovskite oxides such as (La,Sr)(Cr,Mn)O;, (La,Sr)
TiO;, Sr(Fe,Mo0)Os;, (La,Sr)VO; and (La,Sr)FeO; have been
investigated as possible substitution materials for nickel in
H,0/CO, co-electrolysis cathodes.* Maiti et al. investigated
oxygen vacancies and surface terminations along the (100) and
(110) planes for La,;_,SrcFe; ,C0,0;_; by density functional
theory (DFT). The carbon dioxide adsorption strength, a key
descriptor for CO, conversion reaction, was found to increase
on oxygen-vacant surfaces. Amongst all the surface termina-
tions, the lanthanum-oxygen terminated surface exhibited the
strongest CO, adsorption strength.

One of the most studied materials is the p-type semi-
conductor (La, Sr)(Cr, Mn)Oj3, depicted in this work as LSCrM,
with electronic conductivity > 1 S cm™ " in reducing atmosphere.
However, its relatively low ionic conductivity can be enhanced
by adding e.g. CeO, or ZrO,.* Yoon et al."” reported an impres-
sive increase of cell performance under steam/CO, co-
electrolysis after CeO, and Pd addition. A LSCrM with a highly
dispersed GDC nanoparticle cathode was tested by Yue et al.*®
for CO, electrolysis. They mentioned a reduction in cell polar-
ization resistance Ry, associated with improvement of the
electrochemical and catalytic activity from the nanostructured
GDC phase. By doping the GDC co-impregnated LSCrM material
with Pd, the cathodic activity was comparable with that of the
Ni/YSZ state-of-the-art catalyst, and the stability was enhanced.
The activity of YbScSZ electrolyte-supported SOEC with
symmetrical LSCrM electrodes was evaluated by Torrell et al.*
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They demonstrated that LSCrM was a suitable cathode material
for H,0/CO, co-electrolysis, even without addition of reducing
gas such as H,.

1.2 RWGS reaction

While the water-gas shift reaction (WGS) takes place at
temperatures below 720 °C, the reversible water-gas shift reac-
tion (RWGS) is endothermic and occurs at temperatures above
720 °C. Depending on the catalyst used, syngas can be produced
by (i) electrochemical reduction of both H,O and CO, at
a heterogeneous catalyst, e.g. nickel, or via (ii) electrochemical
H,0 reduction to hydrogen followed by a homogeneous/
heterogeneous RWGS reaction, as follows:

Ha(g) + COx(2) & CO(g) + HO(g) (4)

The reaction steps of the homogeneous RWGS reaction are
described by the single gas-phase chain-reaction in Bradford's
model, where M refers to any gas-phase molecule:*

H, + M — 2H + M, dissociation of hydrogen (5)
H + CO, s CO + OH, reaction between H and CO,  (6)
OH + H, s H,O + H, reaction between OH and H, (7)
M + 2H — M + H,, reassociation of hydrogen (8)

The mechanism of the heterogeneous RWGS reaction still
remains unclear; meanwhile, two main interpretations prevail.
Pekridis et al.** suggested that at Pt, CO production occurs via
formation of formate adsorbate on the catalyst surface accord-
ing to reactions (9-15). This mechanism was also supported by
FT-IR spectra published by Sun et al.,”> who investigated RWGS
at a CuO/ZnO/Al,O; catalyst; they claimed to observe the
formation of mono (C,q,) and bidentate (C,qs and O,q,) formate
species and their further decomposition to CO.

CO, + *‘:CO;, molecular adsorption of CO, 9)

H, + 2* < 2H*, dissociative adsorption of H, (10)

H* + CO, S COOH* + *, formate formation  (11)

COOH* + * 5 CO* + OH*, formation of CO and hydroxyl(12)

OH* + H* s H,O* + *, water formation (13)
H,0* s H,0 + *, water desorption (14)
CO* s CO + * CO, desorption (15)

where * is a vacant site.

Fujita et al.” investigated the RWGS reaction products at Cu/
ZnO by FTIR and found that the reaction pathway proceeds first
through oxidation of the catalyst surface by oxygen species from
CO, dissociation and second by reduction of Cu(i) to metallic
Cu in the presence of H,. The formation of the formate

This journal is © The Royal Society of Chemistry 2020
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Table 1 Composition, crystalline structure, particle size and BET surface area of pristine LSCrM, NisSn,, GDC,o and Ni

Catalyst Composition Crystalline structure® Particle size? (um) BET (m* g™ ")

LSCrM Lag 7650 24Crg.5:Mng 4305° Trigonal perovskite 0.5-1 2.4
Lao.79sro.21Cr0458Mn0.4203b

Ni;Sn, Ni;Sn,? Orthorhombic 10-15 0.6

GDCyy Gdy 23Ceo.770,” Cubic 0.15-0.55 15.3

Ni Ni Cubic 2-6 0.4

@ From ICP-MS. ” From EDX (see Fig. 5). © From XRD (see Fig. 3). ¢ From SEM (see Fig. 4).

intermediate described by (11) and (12) is replaced by that of
CO, O and OH adsorbates according to the following
mechanism:

CO, + *sCO* + O*, dissociative adsorption of CO, (16)

O* + H* < OH*, formation of adsorbed hydroxyl (17)

Studies on heterogeneous RWGS focus principally on Pt-**
Cu-*® and Ni-based’® catalysts. In another study, conversion of
CO, to CO close to thermodynamic limit was yielded at Pd, Cu
and Ni catalysts supported on Al,0;.>” Wolf et al. studied the
RWGS reaction Kkinetics at Ni/Al,O; in a fixed-bed reactor and
found that a CO, equilibrium conversion of almost 80% at
900 °C was achieved within a residence time of less than
100 ms.?®

Another interesting candidate is CeO, because of its well-
tuneable ionic and electronic conductivity, especially at high
temperature and low oxygen partial pressure.” Interestingly,
addition of certain doping materials, such as gadolinium, may
increase both conductivities. An electronic conductivity of
0.2 S cm™ ' in air and an electronic conductivity of 1.44 Sem ™' in
Po, = 10~ "° bar are reported for CeygGdy 019 in;* thus, it is
a suitable cathode, anode and electrolyte material in solid oxide
fuel cells (SOFCs). Wang et al.>® developed a Ni/CeO, catalyst
with high activity, selectivity and stability for the RWGS reac-
tion. Liu et al. showed a stable increase in CO, conversion over
a Ni/CeO, -catalyst prepared by a polymer-assisted co-
precipitation method.** Furthermore, Kovacevic et al. studied
the influence of the morphology of the CeO, catalyst on the
catalytic activity for the RWGS reaction. They showed that CeO,
cubes were the most active and claimed that the (100) crystal
plane in this CeO, cubes have higher reactivity due to the lower
coordination numbers in these facets. Thus, cube catalysts are
more active for the RWGS than nanoparticle and rod geome-
tries, which are enclosed by almost inert (111) crystal planes.*

In this work, the activities of Lag5Sr).5CrysMng 505 5
perovskite, NizSn, alloy and GDC,, for the RWGS reaction were
investigated in a quartz tube reactor at 700 °C and 800 °C in
different H, : CO, atmospheres for the first time and compared
to that of Ni. The testing of GDC,, was motivated by the fact that
gadolinium-doped CeO, (GDC,,) is normally used as an inter-
layer between the electrolyte and electrode in SOEC to avoid
SrZrO; formation and increase oxygen mobility and because
CeO, is active for the WGS reaction. Additionally, the coking
behaviour of LSCrM, Ni;Sn,, GDC,, and Ni was evaluated in

This journal is © The Royal Society of Chemistry 2020

a NiCr tubular reactor at 700 °C up to 10 bar in different
H, : CO, atmospheres.

2. Results

2.1 Physicochemical characterisation of the pristine LSCrM,
NizSn,, GDC,, and Ni samples

The most relevant data about the composition of the powder
materials (EDX), crystalline structures (XRD), particle sizes
(SEM) and BET surface areas of the catalysts are summarized in
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Fig.1 Influence of the H, : CO, molar inlet composition on the RWGS

reaction product concentration with (A and B) LSCrM, (C and D) NizSn;,
(E and F) GDCyq (G and H) Ni.
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Fig.2 Summaries of the H,O, CO and CH, reaction product molar fractions at the reactor outlet as a function of the 2 temperatures of 700 °C
(left) and 800 °C (right) and 3 relevant H, : CO, educt molar fractions at the reactor inlet.

Table 1. Extensive comments on the EDX, SEM and XRD anal-
ysis are provided later in the text, where the influence of the
experimental parameters on the material properties is dis-
cussed in more detail. The catalyst composition of LSCrM was
also measured by inductively coupled plasma mass spectrom-
etry (ICP-MS). Except for slight deviations in the stoichiometric
factors of La and Sr, a similar composition was measured.

2.2 Tests in a tubular quartz glass reactor at 1 bar

2.2.1 Blind experiments. First, blind experiments without
any catalyst powder in the Al,O; crucible were performed in

both tube reactors. By using a 0.5 : 0.5 equimolar H, : CO, feed,
CO molar fractions of 0.016 and 0.035 and CO, conversion
factors

[COlpue
U % 100
[CO,],

(18)

of 3.2% and 7.0% were measured by gas chromatography at the
quartz glass tube reactor outlet at 700 °C and 800 °C, respec-
tively (see Fig. S1 in the ESIt). In contrast, CO molar fractions of
0.044 and 0.101 (conversion factors of 8.8% and 20.2%) were
detected at the Ni-Cr reactor outlet at 10 bar for 700 °C and
800 °C, respectively (see Fig. S2 in the ESI{). Due to its nickel-
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Fig. 3 XRD patterns of (A) LSCrM, (B) NizSn,, (C) GDC,o and (D) Ni before and after catalytic activity tests at 700 °C and 800 °C.
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Fig. 4 SEM micrographs of (A—C) LSCrM, (D-F) NizSn,, (G-1) GDC,q and (J-L) Ni (left) before and after catalytic activity tests performed at

(middle) 700 °C and (right) 800 °C.

rich (46% Ni, 34.7% Cr, ...) metallic composition, this material
is unsuitable for catalytic experiments. These results are in good
accordance with those reported by Bustamente et al, who
calculated CO, conversion factors of about 0.1% and up to 40%
with and without Ni, respectively, in an Inconell® 600 quartz
glass reactor at 900 °C.*°

2.2.2 Evaluation of the catalytic activity of powder mate-
rials for the RWGS reaction. The catalytic activities of LSCrM,
Ni;zSn,, GDC,, and Ni for the RWGS reaction as a function of
temperature (700 °C and 800 °C) and of different selected inlet
H, : CO, gas compositions of 0 = x(CO,) = 1 for the Ni-based
catalysts and 0.1 = x(CO,) = 0.9 for LSCrM and GDC,, to
prevent complete reduction are presented in Fig. 1.

This journal is © The Royal Society of Chemistry 2020

Because the RWGS is an endothermic reaction, the molar
fractions of the CO and H,O reaction products at 800 °C were, as
expected, slightly higher than those measured at 700 °C. The

Table 2 Compositions of the catalysts before and after the catalytic
activity tests at 700 °C and 800 °C calculated from the EDX spectra
with an integration error of £0.01

Catalyst LSCrM Ni;zSn, GDC,,

Gdy.23Ce0.7702 5
Gdo.23Ce0.7702-5
Gd.23Ce0.7702 5

Ni;.965N2.04
Niz 3551165
Niy 93515, 07

Pristine  Lag 7STg.21Cro.58Mng 42035
@700 °C  Lag.765T0.24Cro.62MN 3803 5
@800 °C  Lag.71570.29Cr0.63MN0 37,035

RSC Adv, 2020, 10, 10285-10296 | 10289
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Fig. 5 EDX spectra of (A) LSCrM, (B) NizSn;, (C) GDC,q and (D) Ni before and after catalytic activity tests at 700 °C and 800 °C.

highest conversion factor was yielded with a 0.5 : 0.5 H, : CO,
inlet ratio at the LSCrM, Ni and GDC,, samples at both
temperatures. It is worth considering that the active Ni mass in
Ni3Sn, amounted to 1.7 g (42.6% of the total alloy mass), which
correlates well with about half the conversion factor of that
yielded at the pure nickel material. It appears that a combina-
tion of low temperature (here, 700 °C) and high hydrogen
concentration favours CH, production, especially at the nickel
material. At H, : CO, = 0.9: 0.1 and 0.75 : 0.1 inlet gas feeds,
2.4% and 1.6% CH, were detected at 700 °C and 0.9% and 0.8%

CH, were detected at 800 °C, respectively. Even at a H, : CO,
molar ratio of 0.5 : 0.5 at 700 °C, 0.8% CH, was formed. At the
NizSn,, LSCrM and GDC,, samples, no methane was detected.

For better clarity and easier interpretation, the activity
results of only three relevant gas compositions were converted
into a bar graph, as displayed in Fig. 2. At 800 °C and with
a 0.5: 0.5 H, : CO, gas mixture, CO concentrations of 25.4% at
GDC,, 23.6% at LSCrM and 25.1% at Ni were detected by GC.
For these measurements, an absolute margin of error of +1%
was estimated.

—— 1 bar
—— 3 bar

- ——10b
® szceg2 =0.1:0.9

0.0 ® H,;CO,=05:0.5
H,:CO, =0.9:0.1
o H,:C0O,:CO:CH, = 0.7:0.1:0.1:0.1

No carbon |-
deposition |/

Carbon deposition
region

02 03 04 05 06

XO

XO

Fig.6 C—-H-O ternary phase diagrams at 700 °C (left) and 800 °C (right) with delimiting boundary lines for the formation of graphitic carbon at
three different pressures. The four dots reflect the C—H-O compositions of the 3 different H, : CO, and carbon-rich mixtures.
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Fig.7 XRD pattern (left), BSE micrograph (middle) and Raman spectrum (right) of Ni after the long-term stability test in a carbon-rich atmosphere
at 700 °C and 3 bar. For comparison, the Raman spectra of amorphous carbon Vulcan X72R (Vc), graphitic carbon KS6L and NiO are added.

Because the kinetics of a heterogeneous reaction is much
faster than that of a homogeneous reaction, we assume that in
our work, the influence of the values obtained from the blind
experiment in the quartz glass reactor without catalyst can be
neglected. When we compared the maximum theoretical water
molar fraction of 24.5% calculated by FactSage with the
measured fractions (21.7%, 21.6% and 21.3% for LSCrM, GDC,
and Ni, respectively, in H, : CO, = 0.5:0.5 @ 800 °C), the
margin of error of the water measurement delivered by the
humidity sensor is assumed to be in the range of 1-3%.

Interestingly, GDC,, and LSCrM are more selective for the
RWGS reaction than Ni because no CH, was detected at the
reactor outlet. The excellent conversion factor of GDC,, for the
RWGS reaction can also be ascribed to its 38 times higher BET
surface area compared to that of nickel. Because the CO,
conversion factors at 800 °C for the 0.5 : 0.5 CO, : H, mixture
are in the range of 48-50% for all materials, with the exception
of Ni alloy, and are almost the same as the calculated thermo-
dynamic equilibrium value of 49%, it can be concluded that our
reactor design allowed very good convection and diffusion of
educts and products into and out of the Al,O; crucible as well as
excellent catalyst accessibility. By using a fixed-bed quartz tube
reactor with an 8 mm inner diameter, Liu et al*' reported
a conversion factor of about 40% for a Ni/CeO, catalyst in
H,:CO, = 0.5:0.5 and a gas-flow of 100 ml min *, but at
600 °C and at a much higher space velocity of 120.000 h™'. At
a H, : CO, ratio of 0.8 : 0.2 and with a normalized hourly space
velocity of 30000 ml g~* h™', with an overall gas flow of
100 ml min~ " and assuming an ideal gas, a CO formation rate of
378.9 umol min ' g~ can be calculated for a conversion factor
of 50%. At 700 °C, a conversion factor of about 44% and a CO
formation rate of 245.4 pmol min~" g~ " were calculated, which
may be related to the slower kinetics at this temperature. This is
comparable to the CO formation rate of 300 pmol min~" g~*
measured by Daza et al.** for Lay 7551 2,5C00;_5 at 850 °C with
previously reduced 10% H,/He at 600 °C for 30 min (total flow
rate 50 sccm). The best results in terms of mass activity and
selectivity for the RWGS reaction were yielded at the LSCrM and
GDC,, catalysts.

2.2.3 XRD characterization after testing. Fig. 3 compares
the X-ray diffractograms of the LSCrM, Ni;Sn,, GDC,, and Ni
powder samples before and after the catalytic tests, including

This journal is © The Royal Society of Chemistry 2020

the cooling procedure in reductive atmosphere. While the XRD
patterns of GDC,, and Ni underwent no notable change, LSCrM
and Ni;Sn, were subjected to phase purification and segrega-
tion, respectively. Interestingly, the small additional peaks
associated with La,03; and Cr,0; phases observed in the pristine
LSCrM spectra disappeared after the activity tests at 700 °C and
800 °C in the tubular glass reactor, whereas small peaks corre-
sponding to NiO and SnO, phase emerged in the NizSn,
diffractograms.

2.2.4 SEM/EDX testing. The
morphologies and compositions of the different catalysts after
testing were investigated by SEM/EDX and compared with those
of the pristine materials. No impurities were detected by EDX in
any of the samples. Also, for the LSCrM and GDC,, samples, no
substantial changes in particle morphology or composition
after testing can be observed in the SEM images (Fig. 4 and 5) or
in the EDX calculations (Table 2). Even after the 800 °C proce-
dure, both average particle sizes stayed in the same ranges of
0.5-2 pm and 0.15-0.55 pm, respectively.

Additional Au-L and Au-M peaks in the EDX spectrum of the
GDC,, sample were induced by a gold sputtering step that was
carried out in order to improve the poor electronic conductivity
of the oxide material. The C-K signal is assigned to the carbon
conductive adhesive tape. In contrast, strong sintering of Ni
particles from 2 to 6 pm up to 2 to 30 um is obvious, especially
after the test at 800 °C. The driving force of the sintering step is

characterization after

Table3 Compositions of the catalysts before and after exposure tests
at 3 and 10 bar, calculated from the EDX spectra with an integration
error of +0.01¢

Composition LSCrM NizSn, GDC,

Pristine Lag 798T0.21Cro.5sMNg 4203 Niz06SN3.04  Gdg.23C€0.770,
3 bar Lag 51570.19CT0.66MNo 3403 Niz34Sny67  Gdo.21Ce0.7002
10 bar, (1) Lag g35T0.17CT0.66MNo 3403  Niz2gSn1.7;  Gdg.26C€0.7402
10 bar, (ii) Lag 50ST0.20CT0.67MNo 3303  Nig16Sn1.84  Gdo.21Ce0.700,

10 bar, (iii) Lag 65ST0.32CT0.55MNg 4503  Niz1gSnyg;  Gdg.22Ce 750,
“ 3 bar: Exposure test at 3 bar/700 °C under H,: CO:CH,:CO, =
0.7 :0.1:0.1:0.1; (i): exposure test at 10 bar/800 °C under H, : CO, =
0.9 : 0.1; (ii): exposure test at 10 bar/700 °C under H, : CO, = 0.5 : 0.5;

(iii): exposure test at 10 bar/700 °C under H, : CO, = 0.1 : 0.9.
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Fig. 8 Raman spectra of (A) LSCrM, (B) NizSn;, (C) GDC,q and (D) Ni after exposure tests in H, : CO, atmospheres of 0.1: 0.9 @ 700 °C (purple),
0.5:0.5@700°C (blue) and 0.9 : 0.1 @ 800 °C (red) at 10 bar pressure and the pristine samples (black). The spectra of graphitic carbon KS6L and
amorphous carbon Vulcan XC72R (Vc) are plotted as references for the carbon signals, and the spectra of NiO are plotted as references for the
oxidation of Ni and NizSn,.

the reduction of the surface/interface energy of the small activity depends on the melting point and particle size/shape as
particles by merging them together in order to form larger well. Under SOFC/SOEC conditions, the sintering and densifi-
particles via a mass transport/diffusion process. The sintering cation effects of the nickel particles are attenuated by the
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addition of yttrium-stabilized zirconia (YSZ) material as an ionic
conductor.** With an average particle size in the range of 10—
15 pm, the Ni;Sn, particles appear to be less prone to sintering
than pure Ni powder. From the pure sintering aspect, LSCrM
and GDC,, are the best materials.

No substantial change in the EDX spectra after the catalytic
activity tests was observed (see Fig. 5). The compositions of the
different catalysts calculated from the EDX spectra (see Table 2)
slightly differs from the stoichiometric values but lies to some
extent within the error margin of the equipment.

2.3 Influence of atmosphere composition, temperature and
pressure on carbon formation at the powder materials

2.3.1 Numerical prediction of C-H-O equilibrium at
different temperatures and pressures. To evaluate the proba-
bility of carbon deposition, calculations were performed with
the Phase Diagram and Equilib module in FactSage thermo-
chemical software (version 6.1). Phase diagram calculations in
FactSage are based on a thermodynamically consistent theory of
generalized phase diagram mapping. The Equilib module
minimizes the Gibbs energy and calculates the concentrations
of chemical species when specified elements or compounds
react or partially react to reach a chemical equilibrium state.*

Ternary phase diagrams for H, C and O were calculated for
three pressure values and two temperature values (see Fig. 6) by
assuming real gas behaviour. Under the assumption of ther-
modynamic equilibrium, the points on the ternary diagram at
which the production and consumption of solid graphitic

MFC1

£

-®

View Article Online
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carbon are balanced result in a line that separates the carbon
deposition region (carbon activity coefficient = 1) from the no
carbon deposition region (carbon activity coefficient < 1).*¢ In
both diagrams, the positions of three relevant H, : CO, gas
mixtures of 0.1 : 0.9, 0.5 : 0.5 and 0.9 : 01 ratio are indicated as
dots.

No carbon deposition for these gas compositions is pre-
dicted by thermodynamics calculations even at 10 bar and
700 °C. It can be seen that the overall carbon deposition area
increases with increasing pressure and decreasing temperature.
In the upper triangle delimited by C = 0.25, H = 0.75, and
H = 1, however, the probability of carbon formation diminishes
with increasing pressure. It is worth mentioning that the
present study is restricted to graphitic carbon. When all carbon
allotropes are included (not possible in our FactSage version),
the carbon deposition region expands, as shown by Jaworski
et al®

2.3.2 Catalyst exposure tests in a pressurized Ni-Cr tube
reactor. Because electrolysis plants are supposed to function at
elevated pressures of up to 30 bar for economic reasons, the
probability of carburisation increases, as shown in Fig. 6, due to
a shift of the Boudouard equilibrium reaction to the solid
product side. Therefore, the influence of feed pressure on the
activity of the LSCrM, Ni;Sn,, GDC,, and Ni powder materials
for carbon formation was experimentally investigated in
a tubular Ni-Cr reactor.

2.3.3 Exposure tests of the catalysts under carbon-rich gas
(70% H,, 10% CO, 10% CH, and 10% CO,) atmosphere for
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Fig. 9 Scheme of (top) the reactor setup for testing the catalytic activity for the RWGS in a quartz glass tube at ambient pressure and (bottom)

exposure test in a metallic tube at pressures up to 10 bar.
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100 h at 700 °C and 3 bar. After the first exposure test under the
carbon-rich gas mixture, a 23% increase in Ni mass was
measured, while no significant changes in the weights of the
other samples were observed (see Table S3 in the ESIT). The
presence of graphitic carbon in the Ni sample was confirmed by
the emergence of an additional XRD reflex at 26 = 26.4°, Raman
peaks at 1582 cm™ ' and 1348 cm ™' and black domains in the
BSE micrographs (see Fig. 7). No traces of graphitic or amor-
phous carbon were detected at LSCrM, Niz;Sn, or GDC,, after
the stability tests.

2.3.4 Exposure tests of the catalyst powder under different
H, : CO, atmospheres and temperatures at 10 bar. The choice
of the three experimental conditions of (i) 0.9 : 0.1 H, : CO, at
800 °C, (ii) 0.5 : 0.5 H, : CO, at 700 °C, and (iii) 0.1 : 0.9 H, : CO,
at 700 °C was motivated by their proximity to the carbon
deposition boundary materialized by the green lines for 10 bar
in Fig. 6. No significant change in the mass of the LSCrM,
NizSn,, GDC,, or Ni samples was assessed after the 300 h test
period. The exposure conditions led to slight changes in the
catalyst composition, as listed in Table 3. In terms of particle
morphology, however, Niz;Sn, and especially Ni particles were
affected by sintering effects, notably after the tests at 800 °C.

The XRD spectra of all the investigated samples revealed no
modification of the crystallite structure or indication of carbon
formation. The latter was confirmed by Raman analysis of
LSCrM, GDC,, and Ni. Surprisingly, the d-band peaks at
1610 cm ™~ ' and 1342 cm™ " corresponding to amorphous carbon
were detected at the surface of Niz;Sn, after the exposure tests
under 0.5 : 0.5 and 0.1 : 0.9H, : CO, atmospheres at 700 °C.

This type of carbon is not detectable in XRD; therefore, the
Ni;Sn, pattern did not show any diffraction peak at 26 = 26.4°.
No carbon was visible in the SEM micrographs as well. Fig. 8
shows the Raman spectra of NizSn, and the other samples for
comparison after the exposure tests.

3. Conclusions

The catalytic activities of Lag ;5Sry.,5Crg sMng 503, NizSn, and
GDC,, powder materials for the RWGS reaction were evaluated
in a quartz tube reactor at 700 °C and 800 °C and were compared
to that of a commercial Ni powder which is a commonly used
catalyst in H,O/CO, HT co-electrolysis cells. Especially, the CO
yields at LSCrM and GDC,, in a 0.5 : 0.5 H, : CO, ratio at 800 °C
were close to thermodynamic equilibrium; therefore, these
materials are as active as nickel for RWGS. Moreover, in feeds
with high H, partial pressure, the samples all exhibited higher
selectivity for CO and H,O products than pure Ni, which cata-
lysed CH, by-product formation. To our knowledge, the catalytic
activities of the intermetallic NizSn, phase, LSCrM perovskite
oxide and GDC,, oxide for the reverse water gas shift reaction
were demonstrated for the first time in this work.

No carbon formation was observed at these catalysts after
100 h exposure time in a carbon-rich atmosphere at 3 bar and
700 °C in the metallic tube reactor. In contrast, large carbon
deposits were detected on Ni under the same conditions.
Curiously, after 300 h exposure time in 0.5 : 0.5 and 0.1: 0.9
H,: CO, atmospheres at 10 bar and 700 °C, traces of
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amorphous carbon were detected by Raman spectroscopy only
on the Ni;Sn, surface. After both catalytic and exposure exper-
iments, XRD and SEM analysis revealed excellent redox behav-
iour and stable morphologies of LSCrM and GDC,,, slight phase
segregation of Ni;Sn, into NiO and SnO, and, finally, strong
sintering activity of Ni and of Niz;Sn, powder to a lesser extent.

4. Experimental

Lay,755r0.25Cr9.sMng 503 _s was synthesized by a sol-gel route. Cit-
ric acid (C¢HgO,-H,0, Sigma-Aldrich) and EDTA (C;oH;¢N,Og,
Sigma-Aldrich) were dissolved in ultrapure water (PURELAB®
Ultra, Elga LabWater). Under continuous stirring, stoichiometric
amounts of lanthanum nitrate (La(NOs);-6H,O0, 14.3 g,
33.0 mmol, 0.75 eq.), strontium nitrate (Sr(NOs),, 2.36 g,
11.2 mmol, 0.25 eq.), chromium nitrate (Cr(NO;);-9H,0, 8.84 g,
22.1 mmol, 0.50 eq.) and manganese nitrate (Mn(NOs),, 4.25 g,
23.8 mmol, 0.50 eq.) (99.99%, all AlfaAesar) were dissolved in this
solution. The pH of the mixture was adjusted to 7 by addition of
ammonium hydroxide solution. Subsequent evaporation of excess
water at mild temperatures (=150 °C) resulted in a homogeneous
gel, which was fired at 350 °C for 3 h. The resulting powder was
coarsely ground in a mortar and treated at 600 °C for 2 h in
ambient air. Finally, the calcination step was performed in
synthetic air (99.995%, basi Schoberl) at 1100 °C for 16 h.

Ni,;Sn, was prepared in a centrifugal casting induction oven
by melting stoichiometric amounts of Ni and Sn (42.6 g, 3 eq. Ni
and 57.4 g, 2 eq. Sn, 99.9%, MaTecK) for 5 min under vacuum.
After cooling, the ingot was mechanically crushed and ball-
milled (Retsch PM100) twice for 8 h using zirconium oxide balls.

Commercial GDC,, (99.9%, Kerafol) and Ni (99.9%, Vale
Inco.) were used as received.

The crystallographic structures of the materials were exam-
ined by X-ray diffraction analysis (D8 Advance, Cu-K,, Bruker).
To increase the surface sensitivity, a Goebel mirror was used for
the solid samples. The surface morphology of the materials was
analysed by scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) (XL40, EDAX CDU Leap
detector, Phillips). Carbon formation was evaluated by
a confocal microprobe Raman spectrometer (InVia Reglex,
Renishaw). The laser beam (Ar, 532 nm, 1 mW) was focused
through a 50x objective lens (DM 2500, Leica) with ~1 pm spot
size. The spectral range and resolution were 100 to 3200 cm ™"
and 1 cm ™' at room temperature, respectively. BET surface area
measurements were performed with an Autosorb IQ3 station
(Quantachrome).

A schematic of the experimental setup for evaluation of the
catalyst activity for RWGS is shown in Fig. 9. The hydrogen (5.0,
Soboth)/carbon dioxide (4.5, Soboth) gas inlet composition
(x(H,) and x(CO,)) was controlled by two mass-flow controllers
(5850, Brooks). The total flow rate was kept constant at 100
ml min~'. The reactor consisted of a quartz glass tube
(@ = 5 em, Liotsone = 30 €M, Vigrzone = 590 cm®) positioned in
a 3-zone horizontal furnace (hot-zone 300 mm length) with
a theoretical residence time in the hot-zones of 1.46 min (gas
velocity 358 ml min~') and 1.33 min (392 ml min~") at 700 °C
and 800 °C, respectively. To avoid heat loss, the inlet and outlet

This journal is © The Royal Society of Chemistry 2020
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zones of the reactor tube inside the oven were sealed by porous
Al,05/Si0, stoppers (Promatron®-23 HD) with 9 mm holes. Due
to thermal expansion of the gas at the inlet of the isothermal
zone, the gas velocity increased inside the reactor. Powder
samples were placed in an aluminium oxide crucible (volume
ratio of reactor hot-zone to aluminium oxide crucible = 15 : 1)
in the middle of the glass tube (non-fixed-bed reactor).

Due to the different bulk material densities, the hourly space
velocities in the range of 1000 h ™" for LSCrM and 2000 h™* for the
Ni powder catalyst with a bed volume of 1,5-3 ml were calculated.
The reactor outlet tubing and the humidity sensor (HMT 330,
Vaisala) were heated to 120 °C to prevent condensation. Before
analysis by gas chromatography (GC), water was separated from
the gas phase by passing through a reflux condenser at 5 °C. At
the condenser outlet, gaseous reaction educts and residual
products were detected by a gas chromatograph (GC8340, Fisons)
equipped with two separation columns: one with a methanizer
with a flame ionization detector and one with a thermal
conductivity detector. The GC sample loop flow was controlled by
the pressure difference between the two pressure controllers
(5800E, Brooks), and the overpressure was maintained at 25
mbar. GC calibration was performed daily with a gas mixture of
defined composition (Air Liquide).

For exposure tests at 3 and 10 bar, the quartz glass reactor
was replaced by an ET45 Ni-Cr alloy tube (3.8 cm inner diam-
eter, 340 cm® hot-zone volume, 58 and 52 s residence times at
700 °C and 800 °C, respectively). The humidity sensor was dis-
assembled from the reactor and a back-pressure controller
(5866, Brooks) was connected to the reactor outlet to maintain
the desired pressure inside the reactor.

All tests were performed with a non-fixed-bed reactor
because not only the catalytic activity of the powder materials
but also their affinity for sintering was of practical interest. For
the catalytic tests in different H, : CO, atmospheres at 1 bar, 4 g
of the powder material was placed in a ceramic crucible in the
reactor and heated to the desired temperature (3 K min~ ') of
700 °C or 800 °C in 10% H,/Ar reducing atmosphere before pure
H,, H,: CO, gas mixtures with different compositions and
finally pure CO, were introduced into the reactor. Gas chro-
matograms were recorded after a 2 h waiting time at a defined
set point. Exposure tests were performed in a similar way.

After heating the samples to the desired temperature, the
pressure was increased and the exposure tests were performed
for 300 h at three different x(H,) and x(CO,) inlet molar frac-
tions and two different temperatures:

(i) x(H,) = 0.9, x(CO,) = 0.1 @ 800 °C.

(ii) x(H,) = x(CO,) = 0.5 @ 700 °C.

(iii) x(H,) = 0.1, x(CO,) = 0.9 @ 700 °C.

The exposure test @ 700 °C was performed at 3 bar for 100 h
in a special carburisation-active mixture of x(H,) = 0.7,
x(CO,) = 0.1, x(CO) = 0.1 and x(CH,) = 0.1. After the tests, all
samples were cooled in a reducing 10% H,/Ar atmosphere at 1
bar.
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