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HIGHLIGHTS

e Cu was deposited on a-Al,Os, v-
Al,03, CeO,, ZrO, and SrTiOs
supports.

e Catalytic activity of Cu on different
oxide supports was tested towards
DMR reaction.

e 5%Cu on AIO(OH) shows the high-
est catalytic activity due to the
largest SSA.

e Cu—SrTiO; shows high catalytic ac-
tivity and selectivity to CO in DMR.
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GRAPHICAL ABSTRACT

Cu supported on various oxides as a candidate catalyst for
dry methane reforming in DIR-SOFCs systems

DIR - SOFC scheme catalytic tests
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ABSTRACT

A series of Cu-support systems were tested as potential candidates for DIR-SOFC (Direct
Internal Reforming SOFC) catalysts towards a dry reforming of methane (DRM). The various
supports (x-Al,03, CeO,, ZrO,, SrTiO3) with comparable specific surface area (SSA), and
additionally y-Al,05; with SSA an order of magnitude larger than that of the other supports
has been applied. The obtained Cu-support systems were characterized in terms of
structure (XRD, XPS), microstructure (SEM), redox properties (TPR/TPOx), and next their
catalytic activity and selectivity in DRM reaction were tested. All Cu-support materials
show catalytic activity in DRM reaction, but only activity of Cu—SrTiOj; is high (due to the
incorporation of Cu into SrTiOj; structure). The catalytic activity of other materials depends
on the copper oxidation state (Cu>" and Cu*). The highest catalytic activity in DRM process
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Cu—Zr0, was obtained for Cu—AlO(OH) catalyst thanks to an order of greater SSA than in the case of
Cu—SrTiO3 other systems.
DIR-SOFC © 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
" articles in which classic catalytic systems such as catalyti-
Introduction

Nowadays, hydrogen production in electrochemical devices
within internal biogas reformingis one of the most important
areas of energy technology development. Using biogas as a
fuel in e.g. Solid Oxide Fuel Cells fits perfectly into the
concept of distributed energy as these cells could serve as a
stationary power source at landfills, farms, etc. However, the
widespread use of this kind of technology forces effort to
improve the economic viability of such solutions. At the
moment, the commercial fuel cells with Ni-YSZ (YSZ — yttria
stabilized zirconia) anode are optimized for operating with
hydrogen as a fuel. In contrast, the investment cost associ-
ated with the installation of the system and the problem of
degradation of the cells under the influence of carbon depo-
sition and sulfur poisoning restricts the application of SOFCs
directly fueled by biogas on a large scale. Therefore, effective
catalysts allowing to minimize these problems in Direct In-
ternal Reforming Solid Oxide Fuel Cells (DIR-SOFCs) are
strongly desirable. Two potential paths may be considered:
modifying the existing commercial SOFC anodes by depos-
iting additional catalytic layers on its surface or fabricating
novel anode materials containing additional catalytic phase
in the structure. The most effective catalysts for reforming
reactions are noble metals (Ru, Rh, Pt, Ir), which achieve high
catalytic activity towards DRM reaction with relatively low
noble metal content [1-5]. Due to the high price and low
abundance of the noble metals, attempts to replace them
with not so expensive, d-block metals were made. Among
them, the best alternative from a catalytic activity point of
view is nickel [6—12]. However, nickel is at the same time a
good catalyst for the competitive reaction of hydrocarbons
reduction to carbon [13,14]. Thus, it is the source of carbon
deposit which, by leaving on the active centers of the cata-
lyst, leads to its deactivation [15,16]. The papers from recent
years indicate that copper is a less effective catalyst in
methane reforming than nickel, but does not cause coking of
the material [17,18]. In case of copper, the research is focused
mainly on the study of bimetallic catalysts containing Cu
[19—-23], or the copper incorporated in the mixed oxide
structure [24]. However, there is a lack of papers on the cat-
alytic activity of the catalysts containing only copper as
an active metal for such applications. The copper was sub-
jected to catalytic properties studies in the WGSR (Water-Gas
Shift Reaction) [25], which is frequently considered when
analyzing the DRM process. It is not, however, the same re-
action and moreover SiO,-based materials is unappropriate
for the application in SOFC technology. Our recent paper [26]
provides the results of catalytic tests towards DRM reaction
systems based on Cu-doped SrTiOs, but there are still no

cally active metal deposited on an oxide support were tested.
Nowadays, the dry reforming of methane (DRM) (CH4 + CO,
— CO + H,) became one of the most often studied processes
as a test reaction to determine the feasibility of the biogas
reforming reaction in electrochemical devices. However, this
reaction can be accompanied by numerous parallel and
subsequent (often undesirable) reactions at the operating
temperatures of these devices. These reactions lead, inter
alia, to the formation of a carbon deposit (Egs. (1)—(3)) or
substrates for its formation (Egss. (4) and (5)):

2CO < C) + Hy0 - Boudouard reaction (1)
CO + H, < Cg 4+ H,0—CO reduction 2
CH4 < C) + 2H, - pyrolysis of methane (3)

CO, + H, < CO + H,0 - reverse water-gas shift reaction (4)

CH4 + H,0 < CO + 3H; - steam reforming of methane (5)

The use of copper in place of nickel in DRM reaction
significantly eliminates the above-mentioned, secondary re-
actions. Based on the previous works [27—30], we can divide
the DRM reaction mechanism into four steps. In the first step,
the methane species are adsorbed on the catalysts surface
followed by dehydrogenation (CH; — CH3 — CH3—CH*—C").In
the next step, the CO, molecules form CO" species by deoxi-
dation path (CO,e—COe+0Ose) or by reaction with hydrogen
(CO3+H®*— COOH*— CO*+OH?"). In the third step, the oxidation
of CH" and C” species occur resulting in production of various
intermediate species in the C—H—-O system (CHO®, COH®,
CHOH?"). These intermediates then form the CO® and H*® spe-
cies during the third step of the reaction. Generally, during
second and third step, the CO product is formed. In the last
step, the hydrogen is generated from the H® species
(H*+H®—H3) and water (as a by-product) is generated from the
remaining H* and OH" species. Nickel as a catalyst is respon-
sible for lowering the activation energy of individual dehy-
drogenation stages in the DRM process.

As mentioned above, the scientific considerations on the
Cu activity in DRM reaction were mostly limited to the area of
bimetallic alloys with Cu, the Ni—Cu alloys in particular. In the
work [17] Chatla et al. calculated the adsorption energies of
carbon on the surfaces of Ni—Cu alloys deposited on y-Al,03
with different Ni to Cu ratio. They observed that addition of Cu
to Niresults in an increase of the adsorption energy of carbon
and thus lower affinity of carbon to adsorption on Ni—Cu al-
loys. On the other hand, they observed that in case of Ni—Cu
alloys with high Cu content (Ni:Cu ratio was 3:1), the
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activation energies of individual dehydrogenation steps in-
crease. These results confirm that copper is less effective
catalyst in DRM process than nickel catalyst but Cu signifi-
cantly reduced deposition of carbon.

The use of an appropriate catalyst is one of the basic re-
quirements for effective methane reforming; however, the
selection of the support due to the use of the entire system is
most often dictated by the electrical properties of this support.
The fulfilment of such requirements is particularly important
in the context of using a specific material (catalyst-support
composite) in electrochemical devices, for example, those
devices that are to be used in technologies dedicated to energy
conversion. Thus, it was decided to compare in this work on a
series of Cu-support materials, where various oxides were
selected as supports. These oxides are used in medium- and
high-temperature electrochemical devices as conductors with
ionic conductivity (ZrO,, CeO,), mixed ionic-electronic con-
ductivity (SrTiOs, CeO,) or isolator (Al,03). The alumina in the
form of «-Al,03 or y-Al,03 is used frequently as a catalytic
support material due to its chemical resistance and stability
over a wide temperature range. ZrO, owes its electrical
properties to the ability to transport of 0%~ ions through a
vacancy mechanism [31-33], CeO, exhibits a high electronic
conductivity component due to the reduction reaction of Ce*"
— Ce®" in hydrogen atmosphere [34—36] while appropriately
doped SrTiO; shows mixed ionic-electronic conductivity
[37—39]. In recent years, the latter two have been of particular
interest to scientists who study energy conversion and stor-
age devices. The research confirms that the catalytic activity
of the catalyst may depend not only on the size of its particles
and its specific surface area (which depends on the surface of
the support) but also on the interactions of active metal with
the support material [40—42]. The problem of the interactions
of the support with the copper catalyst as a catalyst active in
hydrogenation reactions, in the water gas shift reaction pro-
cess or in methanol synthesis, was considered in detail by
Chatterjee et al. [43]. The authors of this work, using the
methods of temperature programmed hydrogen desorption
(H,-TPD) and reactive frontal chromatography by nitrous
oxide (N,O-RFC) determined the nature of the interaction
between Cu and the following supports: carbon (various
types), SiO,, CeO,, TiO,, ZnO, Ga,0;, Al,0; and MgO. The
conclusion of this paper was that the reducible oxides support
increased adsorption of oxygen from N,O and decreased
adsorption of hydrogen. The opposite trend, in general pre-
vails in the case of the irreducible (such as Al,03, Gd,05 or
MgO) oxides. Therefore, it can be expected that the copper
catalyst deposited on reducible supports should support the
dehydrogenation reactions and thus also the DRM process. In
the case of carbon as a support, no difference was observed
between the ratio of N,O to H, (in the N,O-RFC and H,-TPD
measurements) compared to the measurements made on
pure copper as a reference material and the differences in the
catalytic activity of this type of materials are the result of large
differences in Cu particle sizes distributed over different types
of coals. The authors of this work did not present the results of
catalytic tests for any reaction, so their valuable research has
not been verified in terms of application.

Therefore, taking into account the growing interest in
alternative hydrogen sources and their use in fuel cells, we

decided to compare the effectiveness of various, often used in
electrochemical devices, supports for an active copper metal
to form catalysts towards the DRM reaction.

We believe that by this approach we will contribute to the
knowledge about the catalytic properties of copper in DRM
reaction. Moreover, due to the high importance of the specific
surface area of the supports, the tested materials had com-
parable specific surface area to minimize the influence of this
factor on the catalytic activity of the tested composites. The
main purpose of the study was to determine the nature of Cu-
support interactions, and therefore, to find out what causes
the greater or lesser catalytic activity of individual tested
systems.

Experimental
Synthesis of materials

A series of CuO-support materials were prepared by
impregnation of five various materials — ZrO,, CeO,, Al,Os3,
SrTiO3; and boehmite (AIO(OH) or more commonly given as y-
Al,03) by copper nitrate solutions. After impregnation ma-
terials were dried at 80 °C for 2 h and next, they were calcined
at 250 °C for 1 h. The amounts of the Cu(NOs), solution
introduced onto the supports were chosen so, that amount of
copper after calcination was 1 wt % and 5 wt % in relation to
the weight of the support. Two of the supports — aluminium
oxide and cerium oxide were commercial materials — TM-
DAR by Taimei (99.99%) and ACROS Organics (99.9%),
respectively. The others were obtained as follows: ZrO, by
precipitation with ammonia from zirconyl nitrate solution
and then calcination of the precipitate, SrTiO3 by sol-gel
method using citric acid [44] and boehmite in hydrothermal
methods.

Due to the fact that before the catalytic measurements, all
tested materials were reduced (H,/Ar mixture, temperature
600 °C), which resulted in the formation of copper-support
systems, the following nomenclature was adopted in the
remainder of the manuscript: Cu-support for the specific
material copper oxide - support (e.g. for the material with an
assumed amount of 5 wt % copper - respectively 5%Cu-
support).

The common part for the first four supports used was their
specific surface area, the values of which are given in Table 1.
The last — boehmite, one of the most frequently used catalytic
supports due to, inter alia, the possibility of synthesizing
powders with large specific surfaces area, differs from the
other supports by over an order of magnitude larger specific
surface.

Table 1 — The specific surface area of supports.

Support Specific surface area/m?-g~*
Zr0O, 7.30 +£ 0.51

AlOs 9.50 + 0.50

CeO, 6.28 + 0.50

SrTiO3 8.88 + 0.50

AlO(OH) 157.13 + 1.10
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Material characterization methods

The specific surface area of supports was measured using the
BET isotherm method on physisorption apparatus Nova 1200e,
Quantachrome Inc. Phase composition of composites Cu-
support was determined by Rietveld refinement method
(HighScore Plus software) from the diffraction data obtained
on XPert Pro MD (Philips) device. The diffractometer was
equipped with a CuKea (A = 1.5406 A) X-ray radiation source
and measurements were carried out in the range of 20 angle
from 10 to 90 deg. The FWHM (full width at half maximum) of
the reflections, their positions on the diffractogram, and the
instrumental line broadening of the reflections were used to
estimate the size of the crystallites in crystal phases using the
Scherrer formula. We used data from 3 to 5 reflections with
the highest intensity per crystal phase in our calculations.

X-ray Photoelectron Spectroscopy analysis (XPS) was per-
formed using the X-ray photoelectron spectrometer Omni-
cron NanoTechnology with a 128-channel collector. XPS
measurements were undertaken in ultra-high vacuum con-
ditions, below 1.1 x 1078 mbar. Photoelectrons were excited by
an Mg-Ka X-ray source with an X-ray anode operated at 15 keV
and 300 W. The deconvolution of the obtained spectra was
performed using XPSPEAK software.

The microstructure of powders was observed using a
scanning electron microscope Nova Nano SEM 200 FEI (Oxford
Instruments) coupled with an energy-dispersive X-ray spec-
trometer (EDAX) which was used for performing a chemical
analysis.

Temperature-programmed reduction/temperature-
programmed oxidation (TPR/TPOx) measurements were per-
formed on ChemiSorb 2750 apparatus (Micromeritics). Each
sample (support powder, CuO - support powder or CuO —
reference sample) for these tests was placed in a quartz
reactor in the flow of 5% H,/Ar and 2%0,/Ar mixtures. The
flow rate of gas mixtures was equal to 40 ml min~'. The mass
of samples were around 0.4 g except for the reference sample,
the mass of which was 0.022 g. During TPR/TPOx measure-
ments, the samples were heated from room temperature up to
800 °C with a heating rate of 10 deg-min~™.

Thermogravimetric measurements (TG) were performed
using Netzsch STA 449 F5 Jupiter. The samples were placed
into alumina crucible and were heated up to 1000 °C with the
heating rate of 5 deg-min~' in an atmosphere of synthetic air.
TG method was applied, besides XRD, as an additional method
of verifying the presence of carbon in the samples after cata-
lytic tests.

The catalytic tests were carried out using a fixed-bed quartz
reactor at atmospheric pressure. These measurements were
performed in the temperature range from 500 to 800 °C (heat-
ing cycle) and from 800 to 500 °C (cooling cycle) with 1 h of
heating at 800 °C in between. The heating rate was set at 1 °C/
min. Before starting the actual measurements, all samples
were reduced at 600 °C for 2 h in the stream of hydrogen.
Hydrogen was supplied from the electrolyser while other gases
were provided by Air Liquide with purity over 99.9%. The gas
mixture simulating biogas composition: 65% CH, and 35% CO,
(vol. %) at flow rate of 30 ml/min (18,000 ml STP g cat *h™%;
GHSV = 13,329 h™") was introduced into the reactor and the

exhaust gases were examined using PerkinElmer Spectrum 100
FT-IR spectrometer connected directly to the reactor outlet and
equipped with heated gas sample cell and the cold trap for H,0
vapour removal. The concentrations of the specific outcoming
gases (CHy4, CO,, CO) were calculated based on the areas under
bands (specific fragments) of registered spectra and the cali-
bration curves appropriated for this FTIR-based unit. A detailed
description of the set-up can be found elsewhere [45]. In order
to estimate the activity of the investigated methane dry
reforming catalysts in tested substrate system (65% vol. CH, +
35% vol. CO,) the degrees of CO, and CH, conversion (in %) in
the tested temperature range were calculated and the selec-
tivity towards CO creation was also established. The conver-
sion of CO; (Xco2) and CHy (Xcu4) Were determined according to
the following equations (Eqn. (6) and (7)):

F —F

Xe, (%) = =~ —2-100 (6)
4 in
Fco,,, — F

Xeo, (%) = =24 ——=2r 100 7)
2 in

Selectivity towards CO generation was determined ac-
cording to Eq. (8) with respect to the amount of CO formed
during the reaction to the overall amount of carbon bearing
molecules that were converted.

FCO
Sco (%) = out
<« ( ) (PCH4 in FCH4 out) + (PCOZ in FCOQ om)

-100% ®)

In the equations formulae the Fy ;,/Fx out are the molar flow
rates of CHy, CO, or CO in feed (in)/effluent (out) mixture,
respectively.

Results and discussion

The phase compositions of both pure support samples and
composite materials (supports with an active phase after
calcination of the copper precursor) were determined using X-
ray diffraction measurements. The results of the analysis of
the support samples were shown in Fig. 1. They indicated that
the only components were the assumed phases of the oxide
systems, both in the case of commercial materials and those
synthesized in a laboratory. Sequentially: ZrO, support mainly
(95 wt %) contained the monoclinic phase of zirconia (ICSD 98-
009-4886) and about 5 wt % of the tetragonal ZrO, phase (ICDD
01-079-1769); CeO,-support consisted of cubic CeO, phase
(ICSD 98-015-7419); Al,0O5 entirely as a-Al,05 phase (ICDD 01-
074-0323); SrTiO5 as tausonite (ICSD 98-009-4573). In the case
of AIO(OH) (often referred to as y-Al,03 phase) the only phase
was amorphous boehmite. After impregnation by copper ni-
trate and calcination apart from the presence of copper oxide
CuO (ICSD 98-003-1059) in most materials, only in the case of
the composite with SrTiO; as the support, a small amount of
additional phase - TiO, also appeared in the system. The
phase composition of composite materials was presented in
Table 2. As was expected, the amounts of CuO phase are
definitely lower in the case of samples with a lower assumed
copper content (ultimately 1 wt %) than the amount of copper
oxide in these materials with a higher (5 wt %) assumed
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Fig. 1 — The diffractograms of 5%Cu-support samples.

Table 2 — Phase composition of composite samples after
calcination

Sample Phase Crystallite sizes from
composition diffraction data/nm
Zr0, 1% Cu 100% ZrO, 25+4
5% Cu 89.6% ZrO, 30+2
10.4% CuO 44 + 8
CeO, 1% Cu 100% CeO, 207 + 16
5% Cu 93.1% CeO, 209 + 15
6.9% CuO 74 + 14
SrTiO; 1% Cu 95.8% SrTiO3 65 + 11
4.2% TiO, 84 + 20
5% Cu 89.7% SrTiO3 59 +11
3.3% TiO, 95+ 2
7.0% CuO 17 +3
ALO; 1% Cu  99.3% a-Al,O5 130 + 8
0.7% CuO 37+7
5% Cu  93.2% a-Al,O5 128 + 8
6.8% CuO 24 +3
AlO(OH) 1% Cu AlO(OH) cannot be determined

CuO cannot be determined
5% Cu AlO(OH) cannot be determined
CuO 57 + 20

amount. Moreover, in the case of two samples - 1%Cu—ZrO,
and 1%Cu—CeO,, the resolution of the X-ray diffraction
method did not allow for confirmation of the presence of
copper. In the case of these samples, the presence of Cu was
identified by energy-dispersive X-ray spectroscopy (EDS)
method during observation of the microstructure of compos-
ites using a scanning electron microscope. Furthermore, the
reflections of copper oxide are clearly visible on the diffraction
patterns of all materials where the amount of copper intro-
duced was set as 5 wt %, even in the case of Cu-boehmite
material, where diffractogram corresponds rather to the
amorphous phase. The diffractograms for series 5%Cu-sup-
port were presented on Fig. 1.

It should be added that the values given in Table 2 are
subject to a large measurement error, resulting from both —
the XRD measurement method itself and the specificity of
tested materials. The nature of prepared composites (nano-
crystalline materials) causes reflections on the diffractograms

blurred, which deteriorates the accuracy of quantitative
interpretation. A particularly difficult case in this respect is
the Cu—AIlO(OH) amorphous materials for which the quanti-
tative analysis would be completely unreliable, therefore
Table 2 does not provide the values for these systems.

Crystallite sizes for the main phases identified in the ob-
tained materials were estimated on the basis of the half-width
of the diffraction peaks, which are also given in Table 2. The
microstructure of composites (impregnated and calcinated
powders) was observed by scanning electron microscope
(Fig. 2). One can conclude that tested powders differ more or
less significantly from each other. There is a composite with
cerium oxide as a support, the microstructure of which is
completely different from the other ones - the picture shows
oblong structures that indicate the directional growth of the
cerium oxide grains. These grains are definitely larger than
grains of other supports. Similar effect was found in the case
of sizes of CeO, crystallites (Table 2).

The remaining powders consist of spherical grains: in the
case of the Cu—SrTiO; composite, they are mostly single
grains, while Cu—Al,O; powder consists of agglomerates of
several grains, whereas Cu—ZrO, composite consists of much
larger agglomerates but with smaller grains than in the com-
posites mentioned above. In addition, in the case of Cu—Al,03
one can observe the areas with a different morphology: the
vast majority of areas (labelled 2 on Fig. 2) consist of agglom-
erates of grains with a size of several dozen nanometers but
locally can be seen the larger elliptical elements (point 1 in
Fig. 2). EDS point analysis carried out for 5%Cu—Al,O; material
shows that these areas are significantly enriched in copper (in
point 1: Cu - 57 at.%, O - 34 at.%, Al - 9 at.%) compared to most
areas (as in point 2: Cu - 1 at.%, O — 49.5 at.%, Al — 49.5 at.%),
where there is too little copper in terms of the amount
assumed.

In the case of Cu—AlO(OH) composite, which in terms of
structure is practically an amorphous system, the grain sizes
are by far the smallest, compared to sizes in other powders,
and the whole material is inhomogeneous in terms of
microstructure.

Despite different microstructure of the oxide and perov-
skite supports (ZrO,, CeO,, SrTiO; and Al,O3), the values of the
specific surface area of these materials (obtained from BET
measurements — see Table 1) indicate that they do not differ
in this respect. Additionally, although the microstructure of
Cu—AIO(OH) material seems to be similar to the microstruc-
ture of Cu—ZrO, material, the specific surface area values are
over an order of magnitude higher for this one than for ZrO,
support and others. The decisive factor here seems to be the
amorphous nature of the AIO(OH) support.

All materials presented above were tested by temperature-
programmed reduction and oxidation methods (TPR/TPOx) to
determine of the potential of a material to participate in redox
reactions. Information about this type of property is crucial for
materials intended to participate in catalytic processes
because it indicates the possibility of fast electron transfer by
material components. The research was carried out according
to the following scheme: 1) first reduction (I TPR) from room
temperature to 900 °C, 2) cooling in helium atmosphere, 3)
oxidation (I TPOx), again room temperature — 900 °C, 4) cool-
ingin helium and 5) second reduction from room temperature
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5%Cu —Zr0,

-

2

5%Cu — SrTiO,

5%Cu — AlO(OH)

Fig. 2 — Micrographs of 5%Cu — support materials with markers for 5%Cu—Al,0; sample (points 1 and 2) in which EDS

analysis was conducted.

to 900 °C (II TPR). The figures presented below show the
reduction profiles corresponding to the second reduction (II
TPR) for all obtained materials. Maxima on the reduction
profiles should be related to the reduction of copper oxide (this
effect should be visible for all tested materials) and to the
reduction of the support if there is a possibility of reduction of
this material with hydrogen in the tested temperature range.
Fig. 3 shows the reduction profiles for the reference CuO
sample and for all tested composite Cu-support materials,
both those with a target content of 1 wt% and 5 wt% of copper.
TPR test performed for the reference sample - pure CuO ob-
tained from thermal decomposition of copper (II) nitrate,
shows that reduction of copper(ll) oxide starts at a higher
temperature than for all Cu-support materials even by about
80—100 °C. The reduction of pure copper(ll) oxide finishes at
around 320 °C, similar to composite materials. The compari-
son of the reduction profiles of Cu-support materials with
lower and higher copper content leads to the conclusion that
in both cases, for most materials, reduction peaks appear in
similar temperature ranges, only in the case of the
Cu—AIlO(OH) material, both profiles (for materials with 1%Cu
and 5%Cu) differ from the others. In the temperature range
from c.a. 70 °C to 350 °C (depending on the material), reduction
maxima is corresponding to the reduction of copper oxide
deposited on supports. The observed maxima are complex,
most likely, due to the two-step reduction of copper oxide:
CuO — Cuy,0 — Cu. In the case of two materials: Cu—SrTiO3
and Cu—CeO,, there are also maxima of lower intensity at
higher temperatures, in the ranges of 480—560 °C and approx.
420-550 °C, respectively.

In order to identify the process responsible for the effects
at higher temperatures and to confirm or deny the possibility
of the reduction of support with hydrogen, TPR/TPOx studies
of pure supports were carried out. II TPR profiles for pure
supports and materials with deposited copper oxide are
shown in Fig. 4.

The basic information that can be obtained from these
profiles is that in the case of materials with 5% Cu, the target
maximums are definitely greater than for materials with 1%
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Fig. 3 — I TPR profiles for all obtained materials, solid lines
- Cu-support reduction profiles, dashed line - reduction
profile of copper(Il) oxide.
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Fig. 4 — II TPR profiles of individual supports and materials with applied copper oxide.

Cu ultimately. This is of course consistent with the assump-
tion because for 5% Cu-support the amount of reduced copper
oxide is five times greater. Moreover, it can be seen that
maxima in the lower temperature range are complex regard-
less of the amount of CuO deposited; however, their shape is
not identical for materials with more and less copper oxide on
the same support. This effect is related not only to the
chemical reduction processes but also to physical effects such
as the degree of dispersion and the thickness of the coating
formed by CuO covering the support. However, TPR profiles
presented in Fig. 4 were intended to explain the effects (max-
ima) that appear in some cases (Cu—CeO, and Cu—SrTiOs) in a
higher temperature range. In the case of CeO, support, one can
observe some slight reduction effect in the temperature range
500—600 °C which is associated with the reduction of

cerium(IV) to cerium(lll). The temperature of this process
mainly depends on the size of the oxide grains and the grain
size distribution, therefore in other papers, one can find
various ranges of temperatures for the reduction of cerium(IV)
oxide with hydrogen from 400 °C, up to 800 °C [46—48]. More-
over, in the case of CeO, as support for CuO a slight elevation
with a maximum of about 500 °C on the TPR profile for the 1%
Cu—CeO, material can be seen (Fig. 3). This effect is no longer
visible for 5%Cu—CeQ, material due to the much more intense
effect associated with the reduction of CuO (on this scale, the
high-temperature effect “disappears”). In the case of SrTiO;
support, the small reduction effect above 600 °C, most likely
related to the reduction of titanium (IV) to titanium (III), can be
noticed. For Cu—SrTiO; composites, there is no reduction peak
in the same temperature range, but one can observe a
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significant reduction effect from around 480 °C—550 °C. TPR/
TPOx studies for strontium titanate doped with nickel or
chromium, presented in previous papers [13,22,49], indicate
that in a similar temperature range there is a reduction of the
metal introduced into B sublattice of strontium titanate. Thus,
it can be hypothesized that this effect is related to the reduc-
tion of copper introduced in the titanium sublattice in SrTiOs
structure. Moreover, the observed effect is an interesting
result, because it shows that copper is being incorporated into
the SrTiO3 structure even at low temperatures (copper nitrate
calcination was performed only at 250 °C). For Cu—AIO(OH)
materials two different TPR profiles depending on the amount
of CuO applied were obtained. It turns out that in the case of
1%Cu—AIO(OH), only a slight line elevation in the range of
320-500 °C is observed which is a practically insignificant ef-
fect compared to the reduction of other composites with the
same amount of copper introduced. In this case, we suspect
the reaction of copper with the support resulted in the for-
mation of a stable product (possibly the formation of copper
hydroxide, copper oxide hydroxide or copper aluminate).
These phases are not visible on the diffractograms obtained
for the Cu—AIO(OH) system, which proves that they occur in
small amounts (below the resolution of the XRD method).
Taking into account the results of the work of other Authors
who observed the presence of the aluminate phase (CuAl,O4)
in the Cu/y-Al,O; system and described its reduction at tem-
peratures similar to those presented in this manuscript for the
Cu—AlO(OH) [50], we suspect that this phase was created
during thermal treatment of Cu—AIO(OH) material. According
to Bahmanpour et al. [51] the presence of CuAl,04 phase act as
strong CO, adsorption site however, at the same time, the
formation of the spinel phase results in a significant reduction
in the specific surface area of the catalyst through the sintering
effect. The formation of the aluminate phase in the case of the
Cu—AIlO(OH) system is much more likely than in Cu—Al,O3
system because the boehmite phase is an almost amorphous
(and metastable phase), and what is more, it is characterized
by an order of greater specific surface area compared to the a-
Al,O3 support. TPR profile of the 5%Cu—AlO(OH) composite is
much more similar to the reduction profiles of other com-
posites - the observed maxima correspond to the CuO
reduction.

Compared to TPR profiles of other composites, in this case
first maximum is exceptionally high. Thus we assume that for
Cu—AIO(OH) material copper oxide is extremely well
dispersed on the support material. It is consistent with the
previously provided information that specific surface area of
AlO(OH) support is an order of magnitude greater related to
the other supports. TPR profiles of composites based on Al,05
and ZrO, materials are similar and indicate only reduction of
copper oxide, which goes in the range 100—320 °C. The pre-
sented results of TPR measurements prove that obtained
materials have the potential to be used as catalysts for re-
actions occurring with electron exchange. However, on the
basis of the TPR results, it cannot be estimated which of the
obtained materials will show the highest catalytic activity in
redox reactions. It is necessary to perform the tests in a spe-
cific catalytic reaction.

The obtained composites containing copper oxide as the
catalytically active phase were examined in the reaction of dry

methane reforming DRM (CH, + CO, = 2H, + 2CO). Tests were
carried out both for materials with 1 wt % of Cu and for ma-
terials with 1 wt % of Cu. The results of these tests are sum-
marized and presented (in Fig. 5) as the concentration of CO
(reforming product) in the function of temperature, both for
the measurement carried out during the temperature increase
and decrease. As can be seen, in both series of materials the
Cu—ZrO, composite showed the lowest catalytic activity.
Similarly, it can be concluded that Cu—AlO(OH) material shows
the highest catalytic activity. Cu—SrTiO; and Cu—CeO, mate-
rials show intermediate, albeit high catalytic activity both in
composites with lower and higher copper content. In the case
of Cu—SrTiO3 system, such good performance is due to the
high dispersion of copper achieved thanks to the incorporation
of copper (probably on different oxidation states) into the
structure of SrTiOs. The behavior of the Cu—Al,0; material is
somewhat surprising - in the case of the 1%Cu—Al,03; com-
posite, the catalytic activity is similar to or even slightly higher
than 1%Cu—AIlO(OH), while in the 5%Cu—Al,O3 system it turns
out to be a much less effective catalyst. Thus, it seems that the
rational explanation for such a low catalytic activity of 5%
Cu—AlL,03 is a much smaller amount of copper active sites
available for reaction gases (Fig. 2 - SEM photos and EDS results
indicating the formation of large, separate clusters of CuO in
this material) compared to other (homogeneous) materials.
However, the above considerations do not take into account
the possibility of CO formation in other processes that can
occur under the conditions used.

The conversion of substrates of DRM reaction in function of
temperature, for 5%Cu-support materials as catalyst, is pre-
sented in Fig. 6.
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Fig. 5 — The results of catalytic tests for 1%-support and 5%-
support as the function of temperature and of process time.
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Fig. 6 — Degree of CH,; and CO,(above) conversion and selectivity to CO(below) for 5%Cu-support in DRM reaction.

The highest conversion of methane was recorded for 5%
Cu—AIO(OH) catalyst, and the lowest for 5%Cu—ZrO, catalyst,
which of course is consistent with data presented in Fig. 5. It
can be observed, that values of Xcp, are around twice the
values Xcpa what is an effect of molar ratio (volume ratio) CH,
and CO, in feed mixture. The degree of conversion of both
gases can also be influenced, as mentioned earlier, by parallel
reactions that can potentially take place in this system. In the
case of 5%Cu—AlO(OH) this ratio is very well reflected by the
degrees of conversion of methane and carbon dioxide, this
relationship is not maintained in the case of other catalysts.

The main reason for the shift to the increasing amount of
the CO formed in each of the tests is a reverse Water Gas Shift
Reaction (RWGS) taking into account the reaction between
CO, and H, to form the CO and water vapour. The high kinetics
of the reaction makes it highly favorable in the proposed
testing set-up. As the reaction is keen on reaching quickly the
equilibrium point the H, uptake is significant and in an envi-
ronment so enriched with the CO, the hydrogen flow at the
outlet is negligible. The secondary reactions that could be
considered are e.g., Boudouard reaction and CH, thermal
cracking because they can be the source of the carbon in the
studied system.

In order to verify the hypothesis about the presence of
carbon in the materials after catalytic tests, diffractometric
analysis, and next, the analysis by Rietveld refinement
method for all materials was performed (Table 3). For some
materials, thermogravimetric tests in the atmosphere of
synthetic air were also carried out to verify the results of XRD
analysis. TG measurements indirectly indicate the presence of
carbon (in the materials after DRM tests), as the decrease in

the mass of the material heated in the air atmosphere is the
result of the oxidation of carbon to carbon(IV) oxide (Fig. 7).

The results of phase analysis indicated that in the case of
only Cu—AlO(OH) and Cu—Al,03; materials the carbon is pre-
sent after catalytic tests. For Cu—Al,03 samples the Rietveld
refinement method indicated specific amounts of graphite
however, the determination of a specific amount of carbon
phase in the case of Cu—AlO(OH) materials was burdened with
a great error due to the large amount of amorphous phase in
material (the amount of the carbon phase is not given in the
table). Thus, for Cu—AlO(OH) materials, the amount of carbon
was estimated on the basis of TG curves and it was 13.3 mass
% for 1Cu—AlO(OH) and 35.5 mass % for 5Cu—AlO(OH),
respectively. The presence of carbon in the remaining mate-
rials (Cu—Zr0O,, Cu—SrTiO; and Cu—CeO,) was also checked
using the thermogravimetric method (for selected examples
curves on Fig. 7) and the results of these analyzes confirmed
the absence of carbon phases in these materials.

The unexpected effectin the case of Cu—SrTiO; materials is
the presence of strontium carbonate after the catalytic test
which is most likely the product of a secondary reaction be-
tween CO, and the support. Unfortunately, the presence of
SrCO; phase indicates poor chemical stability of the support in
CO, atmosphere at high temperatures. Moreover, diffracto-
metric data were used to determine the size of the phase
crystallites present in the materials after catalytic tests.
Particularly important from the point of view of the catalyst
operation is the size of the copper crystallites. As one can see
(Table 3), these values are very various: the largest crystallites
are found in the case of copper in the Cu—CeO, material, half
as much for copper in Cu—ZrO,, and the lowest for the
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Table 3 — Phase composition of materials after DRM tests.

Sample Phase composition Crystallite sizes from
after catalytic tests diffraction data/nm
Zr0, 1% Cu 100% ZrO, 28 +1
5% Cu 92.2% Zr0O, 31+2
7.8% Cu 379 + 31
CeO, 1% Cu 100% CeO, 215 + 9
5% Cu 95.4% CeO, 208 + 9
4.6% Cu >800
SrTi0; 1% Cu 71.7% SrTiO3 68 +7
20.3% TiO, 101 + 4
0.3% Cu 155 + 22
7.7% SrCO3 168 + 3
5% Cu 76.0% SrTiO5 64+ 3
16.9% TiO, 112+ 6
3.5% Cu 132 + 11
3.6% SrCO; 101 +1
Al,03 1% Cu 85.3% a-Al,03 136 + 8
0.5% Cu,0 20+ 2
0.3% Cu 36 +5
13.8% carbon 7+1
5% Cu 90.3% a-Al,03 132+ 8
2.6% Cu,0 28+ 2
2.6% Cu 136 + 17
4.5% carbon 11+1

AlO(OH) 1% Cu AlO(OH) cannot be determined
CuO cannot be determined
carbon cannot be determined
5% Cu AlO(OH) cannot be determined

CuO cannot be determined

carbon cannot be determined

100

80

1% Cu-ALO, \
1% Cu-AlO(OH) \
- -~ 5% Cu-AlO(OH) \
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Fig. 7 — Thermogravimetric curves for selected materials
after catalytic test.

Cu—Al,05; and Cu—SrTiO; materials. Certainly, in the case of
these materials with larger copper crystallites, the specific
surface area of the catalytically active material is reduced,
which will have a negative impact on the reaction efficiency.
The crystallite sizes of the support phases practically did not
change after the catalytic tests.

From the point of view of the catalytic properties of the
tested systems, an important issue is also the selectivity of the
tested catalysts to the products of the DRM reaction.

Considering the selectivity of the DRM process to CO (Fig. 6)
- the highest is observed in the case of 5%Cu—AIO(OH) and 5%

Cu—SrTiO;3 catalyst. In addition, in the case of reaction on 5%
Cu—AIO(OH) catalyst, the selectivity to CO is kept above 90%
over a much wider temperature range. Anyway, at the tem-
perature of 800 °C, only the catalyst based on zirconia (5%
Cu—Zr0,) shows a low selectivity to CO (less than 30%).

The obtained results of the catalytic tests, in particular, the
one proving the surprisingly low catalytic activity of the
Cu—ZrO, system in the DRM reaction, prompted the authors to
undertake further research on the Cu-support systems. While
in the case of the 5%Cu—AlO(OH) system, high catalytic ac-
tivity can be primarily related to the largest specific surface
area of the support (thus the largest catalyst surface available
for reaction gases), in the case of 5%Cu—ZrO,, the surface of
the support was comparable to the specific surface of the
remaining supports based on which the Cu-support catalysts
were obtained. Therefore, it was assumed that the observed
catalytic effect must also result from the interactions between
copper and support and, most likely, from the possibility of
copper taking not only +2 but also at +1 oxidation state. The
influence of Cu presence in both oxidation states on
reduction-oxidation processes has already been discussed by
Chatterjee et al. [43] who noticed that the presence of Cu*- O
species, formed as a result of the copper-support interactions,
increases the catalytic activity of the material relative to this
reaction.

As was mentioned earlier, X-ray diffraction tests of Cu-
support materials indicate that the only phase derived from
copper among the tested systems is CuO oxide, while TPR
tests show that Cu,0 oxide is most likely present. Moreover, in
the case of CeO, and SrTiO; — based catalysts (as indicated in
TPR measurements) copper was also partially incorporated
into the structure of these supports. In order to confirm the
presence of copper on various oxidation states, X-ray Photo-
electron Spectroscopy measurements were carried out. The
XPS outcome signal intensity was not sufficient to obtain
reliable results for series of catalysts with 1% Cu, thus only 5%
Cu-support materials were tested (Fig. 7). The detailed anal-
ysis of XPS spectra has shown the presence of copper in at
least two oxidation states in three materials: Cu—CeO,,
Cu—Al,03 and Cu—AIO(OH). An additional AI-O—Cu solid so-
lution could be most likely identified in the case of Cu—Al,05
and Cu—AIO(OH). The possible creation of CuAl,0, spinel
oxide is very likely to happen at the interface between Al and
Cu species as was mentioned earlier, in the part concerning
TPR measurements. In the context of the XPS measurement
results, the results of the catalytic tests become more under-
standable. In the case of Cu—AIO(OH) and Cu—Al,03 systems,
their high catalytic activity results most probably due to the
simultaneous presence of copper at +2 and + 1 oxidation
states. The lower intensity and resolution of the Cu2p
collected spectra come from low surface concentration of
accessible Cu species. It implies that Cu tends to easily
penetrate and diffuse into Al-based substrate materials. The
more nonreactive oxide, the more intensive the signal. A
similar behaviour was observed for CeO, sample due to the
notable Cu solubility limit in the ceria lattice. The deconvo-
lution of the Cu2p XPS spectra of AIO(OH) based catalyst gave
two main peaks coming from Cu®" (933.8 eV) and Cu®
(932.6 eV) while for Al,03; sample the corresponding peaks
were located at 933.2 eV and 932.3 eV for Cu®" and Cu",
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respectively. The 2p doublets were separated by 19.9 eV in
both cases. The Cu2ps, peak located at 935.5 eV was assigned
to the Cu—0O—Al solid solutions that most probably formed
during the Cu precursor decomposition. Although, the nearby
binding energy region of Cu(OH), could also describe the
Cu2ps/; located at 935.5 eV. In that case, the spectra analysis is
unclear, but the existence of mixed Al-Cu oxide is highly
probable when Al,Oj; is used. This type of spinel structure is
likely to be formed and is considered a good CO, reduction
catalyst although suffering from the low specific surface [51].
According to Arjmand et al. [52] the spinel activity is related to
the possibility of its reduction to the CuAlO,, thus, the pres-
ence of Cu?* and Cu* in alumina-based structure (as Cu—Al,Os
as Cu—AIO(OH)) during TPR/TPOx cycles is expected. Actually,

a high level of the Cu dissolution was observed in 1%
Cu—AIlO(OH) sample as the H,-TPR studies revealed an enor-
mous increase in reduction temperature. Fig. 8.

This behaviour is being observed for Cu—Al-O phases
which are harder to reduce than Cu oxides. In that case, the
spectra analysis is unclear, but the existence of mixed Al-Cu
oxide is highly probable when Al,Os; is used. This type of
spinel structure is likely to be formed and is considered as
good CO, reduction catalyst although suffering from low
specific surface [51].

Only for the material 5%Cu—Al,0; a decrease in activity
was observed, resulting from the inhomogeneous distribution
of copper oxide in the material and the formation of its large
clusters. In addition, it seems that effect related to a much
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Fig. 8 — Gu2p XPS deconvoluted spectra for samples with 5% Cu additive.


https://doi.org/10.1016/j.ijhydene.2022.06.016
https://doi.org/10.1016/j.ijhydene.2022.06.016
http://mostwiedzy.pl

25658

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 25647—25661

Table 4 — The comparison of catalytic tests results in DRM reaction for nickel and copper catalysts.

Catalyst Active metal Preparation T °C Xcua% Xco2% BET ng’l Ref. Reactor

content/wt. % of catalyst
Ni/a-Al,O3 10 (Ni) IWIM 550 8.4 34.7 3.3 [54] FBR
Ni/y-Al,03 10 (Ni) IWIM 550 8.7 36.6 150
Ni/y-AlLO5 5 (Ni) 700 7.0 19.5 212 [55]
Ni/CeO, 10 (Ni) TWIM 550 11.7 29.7 5.9 [54] FBR
Ni/ZrO, 5 (Ni) IWIM 750 74 87 = [56] FBR
Ni/Ce.8Zr 0, 15 (Ni) Co-precipitation 800 78 77 97 [57] FBR
Ni—Cu-LDO 1 (Cu) Co-precipitation 800 95 92 79 [58] FBR

5 (Cu) 95 91 78

Lag.gSro oNig gCug 203 5.4 (Cu) Sol-gel 700 88 86 9.0 [59] microreactor
OUR/THIS WORK
Cu/Zr0, 5 (Cu) IWIM 800 9 12 7.3 - FBR
Cu/CeO, 5 (Cu) IWIM 800 14 18 6.3 = FBR
Cu/SrTiO3 5 (Cu) IWIM 800 17 39 8.9 = FBR
Cu/Al,03 5 (Cu) IWIM 800 13 26 9.5 = FBR
Cu/AlO(OH) 5 (Cu) TWIM 800 33 58 157 = FBR

Xcusa — conversion of methane, X¢o, — conversion of carbon dioxide.

LDO — layered double oxides, IWIM — incipient wetness impregnation, FBR — fixed-bed reactor.

larger specific surface of the support, in the case of AIO(OH) is
of less importance than the effect of the presence of copper in
+1 oxidation state.

In the case of ZrO, and SrTiO; substrates, characteristic
Cu2p spectra for Cu?* species were collected. The shake-up
satellite lines in opposite to CeO,, Al,0; and AlO(OH) were of
high intensity which is characteristic for the existence of CuO
species on the surface [53]. The Cu2p spectra was deconvo-
luted into main Cu?* 2p doublet located at 933.3 eV for ZrO,
and 933.1 eV for SrTiOs, respectively. The traces of possible
formation of Cu(OH), were detected. This was caused most
probably during the powder storage due to water vapour up-
take. In the case of the Cu—SrTiO; material, the presence of
Cu* was not confirmed, but it may be due to the lower amount
of copper oxides in the form of separate phases - as previously
mentioned, a part of the copper was incorporated into the
strontium titanate structure. The built-in copper may also be
in the SrTiO; structure partially in the +1 oxidation state. The
relatively high, compared to other tested systems, the cata-
lytic activity of Cu—SrTiO; materials most likely results from
the presence of copper in SrTiO; structure at both oxidation
states. It should also be added that the high catalytic activity
expected, due to the presence of copper at +2 and + 1 oxida-
tion states, in the case of Cu—CeO, systems, is not observed.
However, taking into account the results of calculations of the
size of copper crystallites in these materials (Table 3), it can be
concluded that the effect of the reduction of catalytic activity
is related to a significant decrease in the active surface of the
copper catalyst deposited on cerium oxide.

The results of the catalytic tests described in this work
have been compared with the results obtained by other au-
thors for DRM process (in Table 4).

The table does not include literature data for copper cat-
alysts because, as was mentioned in the introduction part,
copper is considered in the literature as an additive in a two-
component (with nickel) catalyst, not as a proper catalyst.
Thus, two-component systems were included for comparison
with Ni-support catalyst, one of them being a perovskite
(Lag gSro o2Nig gCu ,03) system. As one can notice, the values

of methane or CO, conversion degree are the highest for
complex Ni—Cu systems. Generally, the lowest values were
obtained for Ni—Al,0; and Cu-support systems. However,
taking into account the values of Xcus and Xco, for copper
catalyst supported on oxides used in fuel cells (above all
Zr0O,, CeO, and SrTiO3) it can be stated that Cu—SrTiOs
catalyst has the greatest potential in terms of catalytic ac-
tivity for use in a DIR-SOFC. The main problem of the
Cu—SrTiO; system is its poor chemical stability confirmed by
the appearance of strontium carbonate in the material after
catalytic tests. However, this problem requires further, more
detailed research.

Conclusions

The work concerns the possibility of using copper deposited
on various supports as a catalyst in the DRM reaction. The
choice of the supports was mainly dictated by the use of these
materials in technologies related to fuel cells. Thus, the cat-
alysts with varying copper content (1 and 5 wt %) were pre-
pared by deposition on several different support oxides and
next characterized in terms of structure and microstructure
and then subjected to catalytic tests. The conducted pre-
liminary studies of the reducibility of the tested materials
(TPR/TPOx) showed a complicated course of reduction pro-
cesses, especially in the case of materials based on CeO,,
SrTiO3 and AlO(OH) - in their case there are also reduction
effects at temperatures above the reduction temperatures of
pure CuO. Additionally, temperature-programmed reduction
profiles (II TPR) suggested the existence of Cu,0 phase which
was later confirmed by XPS method for all examined samples
except SrTiOs. The analysis of XPS spectra and TPR profiles
allows us to conclude that the decomposition of the copper
precursor most likely results in the formation of mixed Al-Cu
oxide, probably the spinel phase of CuAl,O,4 in the case of
Cu—Al,0; and Cu—AlO(OH) materials. AIO(OH) and SrTiO,
based catalysts impregnated with 5 wt% of Cu achieved
comparable (despite the huge difference in specific surface
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area) and highest methane conversion degree and selectivity
towards the production of carbon monoxide at 800 °C. Addi-
tionally, 5%Cu—AlO(OH) material maintains high selectivity
to CO over a wide temperature range. Among catalysts with
5 wt% Cu, the ZrO,-based sample achieved the lowest CO
selectivity.

Surprisingly, while 1 wt % Cu—Al,O; sample shows high
catalytic activity, the corresponding sample with higher cop-
per content (5 wt%) has little activity. The probable cause of
such effect is the excessive agglomeration of CuO/Cu,0/Cu
particles on the support surface which was observed at SEM
microscope. Both in the context of catalytic activity and
selectivity, Cu—SrTiO; materials turned out to be good DRM
catalysts, which is most likely related to the partial incorpo-
ration of copper into the structure of strontium titanate. This
material shows the highest catalytic activity of all tested
systems with comparable surface area (only the Cu—AlO(OH)
catalyst with an order of magnitude larger surface area was
more active).

Based on the obtained results the Cu—SrTiO; is the most
attractive material for DIR-SOFCs to support the direct inter-
nal reforming of biogas. It may be applied as an additional,
porous, catalytic layer on the anode surface or may form an
independent fuel electrode. However, for the later application,
few additional investigations on its electrical conductivity and
chemical stability in SOFC operating conditions are required.
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