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Cryptomelane and CuO/cryptomelane catalysts have been tested in the preferential oxidation of CO in the
presence of H, (CO-PROX reaction), paying special attention to deactivation and regeneration issues.
Cryptomelane was stable during the CO-PROX reactions in ramp experiments until 200 °C and in a long-
term isothermal experiment (10 h). Changes neither in the H, reducibility and porosity nor in the crystalline
phases detected by XRD were observed. On the contrary, CuO/cryptomelane was partially deactivated dur-
ing the consecutive CO-PROX reaction cycles performed until 200 °C, and the catalytic activity was par-
tially restored by reoxidising the catalyst at 200 °C or 400 °C, the latter temperature being more effective.
In spite of the CuO/cryptomelane partial deactivation, the CO-PROX activity of this catalyst was higher than
that of cryptomelane once a stable behaviour was achieved. The partial deactivation of CuO/cryptomelane
was attributed to the segregation of crystalline phases (hausmannite (MnzO,) and/or hopcalite (CuMn,QOy,)),
with the segregation of potassium to the surface and decrease in the copper cations' reducibility. The po-
tential contribution to deactivation of the changes in the porous texture of CuO/cryptomelane was ruled
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1. Introduction

Fuel cells have the potential to replace gradually the internal
combustion engines in vehicles and provide power in station-
ary and portable applications, especially Proton Exchange
Membrane Fuel Cells (PEMFC)."™® For the appropriate devel-
opment of these devices, the production of clean H, is neces-
sary, and nowadays hydrocarbon reforming is the principal
pathway.””® The main drawback of this synthesis route is that
the typical effluents coming from hydrocarbon reforming con-
tain about a 10 vol% of CO, which apart from being toxic for
people, is a poisoning agent for the platinum-based anode
catalysts in PEMFC.'® Then, it is mandatory to reduce the CO
concentration to a trace level below 10 ppm, which is the tol-
erance level of the Pt catalysts.>* ™3

For CO removal from reformate gases, the gas stream is
treated in a Water Gas Shift (WGS) reactor where most CO is
oxidised to CO,. The concentration of CO in the output
stream is about 0.5-1 vol%, but this level is not low enough
for the PEMFC requirements. Further purification must be
performed, and the preferential oxidation of CO (CO-PROX)
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is a promising technology.'*"'® The aim of the CO-PROX reac-
tion is to oxidize CO selectively by feeding near stoichiomet-
ric O, while minimising the H, consumption, despite its
large excess on stream, and utilization of a selective catalyst
is mandatory. An ideal CO-PROX catalyst must be active and
selective towards CO oxidation in a range of temperatures be-
tween that at the exit of the WGS reactor (200 °C) and that at
the entrance of the PEM fuel cell (about 80 °C).” Besides, it
must have a long-term stability.

A wide variety of CO-PROX catalysts have been proposed,
the most extensively studied being those based on noble
metals'®"” (Pt,"*7° Pd,**>* Ru,**** Rh*® and Au*""), transi-
tion metals*®> and multi-metallic systems.***° It is worthy to
highlight those based on the copper oxide-ceria system, since
these materials constitute one of the most thoroughly studied
and promising alternatives to noble metal catalysts.**** The
outstanding performance of the CuO/CeO, catalysts in CO-
PROX is related to the strong interaction between CuO and
CeO, and to the oxygen storing/releasing capacity of ceria,
which leads to the high mobility of the lattice oxygen.*™*!
Other oxides with oxygen storing/releasing capacity (such as
Fe,0; (ref. 29) and MnO, (ref. 43-46)) have been also studied.
Manganese oxides are a very promising option to replace
ceria due to their abundance, high oxygen mobility and oxy-
gen storage capacity, apart from their low cost, environmen-
tal compatibility and non-toxicity.*”*®* Among manganese ox-
ides, cryptomelane has presented an exceptional catalytic

This journal is © The Royal Society of Chemistry 2016
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activity in a wide range of reactions.**>” This mineral oxide
is based on a well-defined 2 x 2 tunnel structure (tunnel size
of 0.46 nm X 0.46 nm) consisting of double chains of edge-
shared MnOg octahedra and corner-sharing of the double
chains,*>*®® which gives rise to its general name “Octahe-
dral Molecular Sieve” (OMS). Typically, the average manga-
nese oxidation state in cryptomelane is around 3.8, which is
a consequence of the coexistence of Mn** cations with small
amounts of Mn** and Mn>*,*® and the charge imbalance gen-
erated by partial reduction of Mn*" is compensated by inter-
stitial cations, such as K.

It is well reported that the -catalytic activity of
cryptomelane for CO oxidation in the CO-PROX system is im-
proved when finely dispersed CuO species were present,’*>°
which could be related to the strong interaction between the
highly dispersed CuO and the support.®' On the other hand,
it has been also addressed*>®* that the CO-PROX activity of
CuO/cryptomelane decreases significantly upon reduction un-
der reaction conditions and that part of the activity can be re-
covered by further reoxidation. However, the initial activity of
the catalyst is not recovered and little is known about the
changes occurring on the catalyst leading to such activity
decay.

The goal of the current study is to get further insights into
the causes of the CuO/cryptomelane partial deactivation dur-
ing the CO-PROX reaction, paying attention to the potential
segregation of secondary phases and to the changes in the re-
dox properties of the catalyst.

2. Experimental details
2.1. Catalyst preparation

Synthetic cryptomelane was prepared using the previously de-
scribed reflux method.’™***® 11 g of manganese(n) acetate
was dissolved in 40 g of water and the pH of the solution was
fixed at 5 using glacial acetic acid. Then, it was heated and
maintained at the boiling temperature under reflux for 30
min. After that, a solution of 6.5 g of potassium permanga-
nate dissolved in 150 ml of water was added, and the mixture
was kept under reflux by vigorous stirring for 24 h. The solid
was filtered, washed with distilled water until neutral pH and
dried at 120 °C overnight. Finally, it was calcined at 450 °C
for 2 h.

A CuO/cryptomelane catalyst was prepared with 5 wt% of
copper by incipient wetness impregnation of cryptomelane
with a copper(u) nitrate trihydrate (Panreac) water solution.
The impregnated solid was dried at 110 °C overnight and cal-
cined at 400 °C for 5 h using a heating ramp of 5 °C min™".

2.2. CO-PROX catalytic tests

A U-shaped reactor with a 16 mm inner diameter was used
to perform CO-PROX experiments, where 150 mg of
cryptomelane or CuO/cryptomelane was placed and a gas
mixture with 2% CO, 2% O,, 30% H, and He balance was fed
to the reactor. The O, excess with regard to CO was 1 = 2 (be-
ing 1 = 1 for stoichiometric CO-O, conditions). The catalytic
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tests were performed using a heating rate of 2 °C min™" from
25 to 200 °C and a total gas flow rate of 100 ml min™" that
was set by means of Mass Flow Controllers (Bronkhorst). The
exhaust gases were analysed by gas chromatography in an
Agilent Technologies 6890 N device equipped with a CTR I
column operating at 80 °C and a TC detector.

Consecutive catalytic cycles were performed in order to
evaluate the stability of the catalysts, and after each catalytic
cycle the catalysts were treated at 200 °C or 400 °C for 1 h
(heating rate 5 °C min™") in 20 ml min™" of 10% O,/He. After-
wards, the reactor was cooled down to room temperature and
a new catalytic cycle was conducted.

After four consecutive ramp CO-PROX experiments, a fur-
ther isothermal CO-PROX experiment was also carried out
using the same gas mixture (2% CO, 2% O,, 30% H,, and
balance He). The temperatures were selected to obtain ca.
75% CO conversion at the beginning of the isothermal
experiments.

2.3. Catalyst characterisation

The catalysts were characterised before and after the catalytic
tests. X-ray photoelectron spectroscopy (XPS) analysis was
performed by using a K-Alpha spectrophotometer (Thermo-
Scientific) with a high-resolution monochromator. The bind-
ing energy was adjusted using the C 1s transition, appearing
at 284.6 eV. Binding energy values measured are accurate to
+0.2 eV.

Experiments of temperature-programmed reduction with
H, (H,-TPR) were performed using a Micromeritics Pulse
ChemiSorb 2705 device. 20 mg of catalyst was placed in a
U-shaped reactor and the temperature was increased from
room temperature up to 900 °C with a heating rate of 10 °C
min~' in 20 ml min~" of 5% H, in Ar. In some cases, the cata-
lysts used in the CO-PROX reactions were pretreated in-situ in
the H,-TPR device at 200 or 400 °C for 1 h in a 20 ml min*
flow of 10% O,/Ar.

X-ray diffractograms were recorded in a Bruker D8-Advance
diffractometer using Cu Ka radiation (1 = 1.540598 A).
Diffractograms were recorded at 20 between 10° and 80°.
Textural characterisation was carried out by means of N, ad-
sorption at -196 °C in an automatic adsorption system,
Autosorb-6 by Quantachrome. Prior to adsorption measure-
ments, the catalysts were degassed at 250 °C for 4 h in order
to remove any adsorbed impurities. The surface area was
calculated by using the BET equation (Spgr), and pore size
distributions were calculated using the DFT method.

3. Results and discussion
3.1. Catalytic tests

Fig. 1 shows results obtained with fresh catalysts in the CO-
PROX reaction. Cryptomelane accelerates CO oxidation above
75 °C and CuO loading lowers the onset temperature, CuO/
cryptomelane showing CO oxidation even at room tempera-
ture. This improvement of the cryptomelane performance
upon CuO loading was already reported by Hernandez
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Fig. 1 CO conversion (solid symbols) and CO selectivity (hollow
symbols) obtained during the CO-PROX experiments performed with
fresh catalysts. Reaction conditions: 150 mg of catalyst, 2% CO, 2% O,,
30% H,, balance He, 100 mL min™ 2 °C min™.,

et al.,*® and was attributed to a high lattice oxygen mobility
due to the formation of Cu-O-Mn bridges.

The CO conversion profile of CuO/cryptomelane reached a
maximum value near 100% at 130 °C, and then decreased
slowly with temperature. This drop in the CO conversion at
high temperatures was already reported by other authors and
was attributed to the competition between H, and CO oxida-
tion and to the formation of hot spots (or higher local tem-
peratures) as a consequence of the exothermic CO and H, ox-
idation reaction, which leads to the reversed WGS reaction
and the subsequent CO formation.'®%*

Thus, the lower activation energy for CO oxidation when
comparing to H, oxidation favours the preferential process
only up to a critical temperature.®”"*”

The selectivity profile of CuO/cryptomelane reached a very
high value (~96%) at a relatively low temperature, and then
decreased until an almost constant value of about 41%. It is
important to highlight that a selectivity of 50% means that
equal amounts of CO, (desired reaction) and H,O (side reac-
tion) would be produced and that this is the maximum selec-
tivity achievable at total O, consumption in the experimental
conditions used (excess oxygen with . = 2). Thus, even the rel-
atively low selectivity remaining at high temperatures is high
enough to obtain adequate fuel efficiency.'®

Once confirmed the excellent behaviour of the CuO/
cryptomelane catalyst, the stability was studied and four con-
secutive reaction cycles were performed with the CuO/
cryptomelane catalyst under the same experimental condi-
tions used with the fresh catalyst (those indicated in the cap-
tion of Fig. 1). For comparison, consecutive reaction cycles
were also carried out with cryptomelane. As indicated in the
experimental section, after each reaction cycle the catalysts
were reoxidised in 10% O,/He for 1 h. The reoxidation tem-
perature was 200 °C for cryptomelane while two temperatures
were tested for CuO/cryptomelane, 200 and 400 °C.

The CO oxidation and CO selectivity curves obtained dur-
ing these experiments are included in the supplementary ma-
terial and the T50% temperatures, which is the temperature
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required to achieve 50% CO oxidation, are plotted in Fig. 2
for the consecutive reaction cycles.

Cryptomelane kept the same activity during the five con-
secutive reaction cycles, evidencing the high stability of this
catalyst. On the contrary, CuO/cryptomelane was partially
deactivated during the consecutive cycles, and the tempera-
ture of the reoxidation step played an important role.
Reoxidation of CuO/cryptomelane at 400 °C was more effi-
cient than reoxidation at 200 °C, and both temperatures
allowed stable T50% values to be obtained after the fourth
CO-PROX reaction cycle. Despite the CuO/cryptomelane deac-
tivation during the consecutive cycles, the stable T50% values
obtained with the copper-containing catalyst in the fourth
and fifth cycles were lower than those of cryptomelane, and
the lowest values were obtained by reoxidation at 400 °C.

These results in Fig. 2 suggest that the decrease in the CO
oxidation capacity of CuO/cryptomelane, once used in the
CO-PROX reaction, is related to changes in the copper spe-
cies, since cryptomelane is stable. This hypothesis was also
postulated by other authors*>®> and will be discussed in
more detail in the following sections.

3.2. Long-term catalytic tests

In order to evaluate the stability of the catalysts at constant
temperature under CO-PROX reaction conditions, long-term
experiments were conducted after the fourth cycle. The tem-
peratures of the isothermal experiments were selected to ob-
tain ca. 75% CO conversion.

The CO conversion, CO selectivity and temperature moni-
tored during more than 10 h are shown in Fig. 3a for CuO/
cryptomelane and in Fig. 3b for cryptomelane, and both cata-
lysts maintained quite stable behaviours. Only the CuO/
cryptomelane catalyst suffered a small drop in CO conversion
(~6%) at the beginning of the experiment, which could be re-
lated to the presence of copper species because is not ob-
served in copper-free cryptomelane.

160
Cryptomelane
reoxidized at 200°C after each cycle
140 ¢
CuO/Cryptomelane
_ 120 A reoxidized at 200°C after each cycle
@)
S5
= 100 A
o]
ke
80 A
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60 4 reoxidized at 400°C after each cycle
40 T T T
1 2 3 4 5
Cycle

Fig. 2 Temperature for 50% CO oxidation during consecutive CO-
PROX reaction cycles. Reaction conditions: 150 mg of catalyst, 2% CO,
2% Oy, 30% H,, balance He, 100 mL min™ 2 °C min™. Reoxidation
conditions: 1 h in 10% O,/He, 20 mL min™%, at 200 °C or 400 °C after
each CO-PROX cycle.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6cy00329j

Open Access Article. Published on 11 April 2016. Downloaded on 12/5/2025 5:38:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

185
100 4 , \ MNWW
< rtnnt Jl | CO selectivity
s - 160
S 90 4 ,
©
: :
2 Temperature - 135 S
o 80 fl,'h'~ 2
2 g
5 W.‘ o a
c . L —~
.g 70 A 1 :Jﬁm w"ﬂ%x‘aﬂ 3
2 & CO conversion
g 60 - 85
° |(a)
50 T T T T T 60
0 2 4 6 8 10
Time-on-stream (h)
185
100 A
< Temperature
S W gt I - 160
5 90 ’Wwwmfm:
E] CO selectivity 7
< 3
8 H 1355
[0]
o 80 4 2
(&) M e AL, s 'ih n =
o v B @
5 CO conversion L 110 3
2 70 A 3
©
z
g 60 L 85
° |(b)
50 T T T T T 60
0 2 4 6 8 10

Time-on-stream (h)

Fig. 3 Long-term CO-PROX experiments performed with (a) CuO/
cryptomelane and (b) cryptomelane. Reaction conditions: 150 mg of
catalyst, 2% CO, 2% O,, 30% H,, balance He, 100 mL mint.

In conclusion, the ramp experiments showed that
cryptomelane is stable while CuO/cryptomelane partially de-
activates during the consecutive CO-PROX reaction cycles
performed from room temperature up to 200 °C. This deacti-
vation was quite small in the long-term experiment
performed at 145 °C, indicating that transformations leading
to partial deactivation occur above this temperature. The cat-
alytic activity of CuO/cryptomelane was partially restored
reoxidising the catalyst, and 400 °C reoxidation was more ef-
fective than 200 °C reoxidation.

3.3. XPS characterisation

The ramp CO-PROX experiments suggested that changes in
the copper species was the reason for the activity decay of the
CuO/cryptomelane catalyst during the consecutive cycles, and
XPS was used to analyse these changes during the experi-
ments. Fig. 4 shows the Cu 2p region for fresh CuO/
cryptomelane and for this catalyst used after consecutive CO-
PROX cycles with reoxidation treatments at 200 °C or 400 °C
in between (XPS measurements were done after the fifth CO-
PROX cycle). It is worth noting that the used catalyst was not
reoxidised after the last CO-PROX cycle.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 XPS spectra of CuO/cryptomelane. (a) Cu 2p region and (b) Cu
LMM Auger range.

The Cu 2p;3, photoemission of fresh catalyst showed a
main contribution at 933.7 eV, typical of Cu0,% and the used
catalyst additionally showed another contribution at 930.5-
930.7 eV that must be assigned to copper species with a dif-
ferent negative charge density. These low binding energy
values have been reported for Cu-Mn mixed oxide with a
hopcalite structure (CuMn,0,).°**® The main cations on
hopcalite are Cu(u) and Mn(m), but the presence of Cu(i) has
been postulated due to the equilibrium Cu(u) + Mn(u) = Cu(1)
+ Mn(v). Evidence of the formation of hopcalite after the cat-
alytic tests has been also obtained in the current study by
XRD, as it will be discussed below.

These XPS results suggest that copper was fully oxidised
as CuO on the fresh catalyst, which is not surprising because
it was calcined for copper precursor decomposition, and part
of this CuO was introduced into the hopcalite structure dur-
ing the ramp CO-PROX experiments while part remained as
CuO. The Cu LMM Auger transition (Fig. 4b) is quite similar
in all spectra, being consistent with the presence of Cu(u).
However, the relative contribution of the Cu(u) satellite peak
at 944 eV (Fig. 4a) with regard to the Cu 2p;/, peak at ~933.5
eV increases as seen on the spectra obtained with the used
catalyst reoxidised at 400 °C with regard to that reoxidised at
200 °C. This suggests a higher population of Cu(u) cations
upon 400 °C reoxidation. Nevertheless, identification of the
copper species by XPS is complex,’”?> and much more

Catal. Sci. Technol., 2016, 6, 5684-5692 | 5687
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concluding evidence was obtained by H,-TPR, as discussed
below.

The surface composition of the cryptomelane and CuO/
cryptomelane catalysts was also analysed by XPS, and Table 1
compiles results of the K/Mn and Cu/Mn ratios obtained.

The K/Mn ratio of cryptomelane slightly decreased after
the CO-PROX ramp experiments, but this small surface modi-
fication does not affect the catalytic performance. On the
contrary, the K/Mn atomic ratio of CuO/cryptomelane
remained constant after the CO-PROX ramp experiment
(without reoxidation) and increased during the consecutive
CO-PROX experiments with reoxidation treatments in be-
tween, suggesting certain segregation of potassium to the
surface. These results indicate that the segregation of K to
the surface mainly occurs during the reoxidation treatments
when copper is present. This segregation of K to the surface
was similarly suggested by Veprek et al®® for commercial
hopcalite tested as a CO oxidation catalyst. Furthermore,
Hu et al.”® also described this phenomenon for silver-doped
cryptomelane, and in our CuO/cryptomelane catalyst, it oc-
curred to a higher extent when the reoxidation between cy-
cles was performed at 400 °C compared to the reoxidation
at 200 °C.

In addition, the Cu/Mn ratio decreased after the CO-PROX
reactions performed with reoxidation treatments in between,
and the minimum value was obtained for the -catalyst
reoxidised at 400 °C between cycles. The reduction of this pa-
rameter can be an evidence of copper sintering.

These XPS results allowed concluding that the CuO/
cryptomelane catalyst suffered segregation of potassium to
the surface and copper sintering, which could explain that
the initial activity of the fresh catalyst was not fully recovered
(see Fig. 2) after the reoxidation treatments. More informa-
tion about these transformations was obtained by comple-
mentary characterisation techniques that are discussed in the
coming sections.

3.4. H,-TPR characterisation

Since the redox processes occurring on CuO/cryptomelane
seem to be behind the partial deactivation of this catalyst
during the consecutive CO-PROX ramp experiments, H,-TPR
characterization was carried out to get further insight into
such processes. Fig. 5 compiles the H, reduction profiles
obtained with the cryptomelane and CuO/cryptomelane cata-
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Fig. 5 H; reduction profiles obtained with cryptomelane and CuO/
cryptomelane catalysts tested as prepared (fresh) and after CO-PROX
experiments (after the fifth CO-PROX cycle). In some cases, the used
CuO/cryptomelane catalyst was reoxidised in situ (in the H,-TPR de-
vice) at 200 or 400 °C (at the same temperature used in each case of
the consecutive CO-PROX cycles for reoxidation between cycles).

lysts tested as prepared (fresh) and after CO-PROX experi-
ments (after the fifth CO-PROX cycle).

The H,-TPR profiles obtained with fresh and wused
cryptomelane are equal (top profiles in Fig. 5), with a single
peak with maxima at 400 °C and a low-temperature shoulder
evidencing that several events were taking place. This is con-
sistent with the high stability of this material during the con-
secutive ramp CO-PROX experiments (Fig. 2). Note that the
onset H, reduction temperature in H,-TPR experiments
(~270 °C) was well above the maximum temperature
achieved in the ramp CO-PROX experiments (200 °C).

The consumption of H, by cryptomelane in H,-TPR experi-
ments is attributed to the reduction of manganese cations,
initially present mainly in +4 and +3 oxidation states, giving
MnO as the final product of the reduction processes.”* It is

Table 1 Atomic surface composition of cryptomelane and CuO/cryptomelane determined by XPS

Catalyst K/Mn Cu/Mn
Cryptomelane fresh 0.64 —
Cryptomelane (used during the consecutive CO-PROX cycles with 200 °C reoxidation in between) 0.52 —
CuO/cryptomelane fresh 0.58 0.19
CuO/cryptomelane used (without reoxidation) 0.59 0.23
CuO/cryptomelane (used during the consecutive CO-PROX cycles with 200 °C reoxidation in between) 0.65 0.12
CuO/cryptomelane (used during the consecutive CO-PROX cycles with 400 °C reoxidation in between) 0.83 0.06

5688 | Catal Sci. Technol, 2016, 6, 5684-5692
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known that the reduction progresses throughout the follow-
ing sequence: MnO, — Mn,0; — Mn;0, — MnO, though it is
not easy to discern each step due to the experimental condi-
tions and the local environment of the reducible spe-
47,6375 Hence, cryptomelane has a complex reduction
profile with several chemical transformations appearing un-
der the same peak.”®” Typically, the H, reduction profiles of
cryptomelane described in bibliography, which are similar to
those on Fig. 5, consist of a shoulder at about 340 °C,
assigned to the reduction of surface cations, followed by a
main peak attributed to bulk transformations of MnO,/
Mn,0; to Mn;0,4, and Mn;0, to MnO, which overlap in the
H,-TPR profile.

The H, reduction profile of fresh CuO/cryptomelane (bot-
tom curve on Fig. 5) had some differences compared to that
of bare cryptomelane (top curve on Fig. 5). A H, consumption
peak was observed at 200 °C associated to the reduction of
disperse CuO particles. It must be taken into account that
bulk CuO is reduced above 350 °C,°* and the shift to lower
temperature in CuO/cryptomelane must be attributed to the
effect of the cryptomelane support.*>*® In addition, the re-
duction of cryptomelane also took place at a lower tempera-
ture in CuO/cryptomelane (maximum at 380 °C) than in bare
cryptomelane (400 °C). It has been reported that the addition
of copper leads to the creation of Cu**~O-Mn”" entities that
promote the oxygen lability with partial delocalization of the
Mn-O bond, improving manganese reducibility.*®6>%7%77
Such lability is related to a high structural and superficial ox-
ygen mobility, and this is positive for oxidation reactions oc-
curring throughout a Mars van Krevelen mechanism, which
is usually accepted for these kinds of catalysts."**>*" In the
reaction studied in this article, it is expected that CO was
oxidised by the catalytic oxygen, forming oxygen vacancies
that were filled up by gas phase molecular oxygen
afterwards.®'

Moreover, it has been reported that metallic Cu has a cata-
lytic effect on the dissociation of the H, molecule, and en-
hances the reduction of interfacial manganese cations by hy-
drogen spillover.>**®”” This effect is strongly dependent on
the CuO dispersion.®>®** The catalytic effect of metallic cop-
per would explain the shift of the main manganese reduction
peak from 400 to 380 °C.

The H, reduction profile of fresh CuO/cryptomelane
changed after the ramp CO-PROX reaction (see reduction pro-
file of used CuO/cryptomelane in Fig. 5). The peak at 200 °C
associated to the reduction of highly dispersed CuO species
disappeared, indicating that CuO was reduced under the re-
action conditions of the CO-PROX ramp experiments. In-
stead, two little reduction events were identified at 240 and
280 °C, probably due to the reduction of CuO aggregates with
two different sizes® that remained oxidised after the CO-
PROX experiments. Additionally, the main band at 380-400
°C attributed to manganese cation reduction was also differ-
ent for fresh and used CuO/cryptomelane. The low-
temperature shoulder observed in the fresh catalyst became a
well-defined peak in the used catalyst. This could indicate

cies.
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that oxygen species were accumulated on the catalyst surface
during the CO-PROX reaction, which would be reduced in the
H,-TPR experiments, and the desorption of carbonate/bicar-
bonate species accumulated on the catalyst as CO oxidation
intermediates cannot be ruled out.

The reoxidation of the used CuO/cryptomelane catalyst at
200 °C had a little effect on the H, reduction profile. The low
temperature CuO reduction peak remained missing, evidenc-
ing that this temperature was not high enough to reoxidise
copper. The main difference in the H, reduction profiles of
the used CuO/cryptomelane catalyst before and after
reoxidation at 200 °C was the decrease in the peak at 340 °C,
which indicates that this reoxidation treatment removed sur-
face species accumulated during the CO-PROX reaction.

Nevertheless, used CuO/cryptomelane reoxidation at 400
°C leads to the oxidation of reduced copper, and a H, reduc-
tion peak appeared at 240 °C. This temperature was higher
than that on the fresh catalyst (200 °C), and the worse reduc-
ibility of CuO after reduction and reoxidation could explain
the partial decrease in the CO oxidation capacity during the
consecutive CO-PROX cycles (see Fig. 2). This worse reduction
of CuO after reoxidation at 400 °C could be due to the
worse CuO-cryptomelane interaction®®**®° and is consistent
with the evidence of copper sintering provided by XPS (see
Table 1).

3.5. Characterisation by XRD and N, adsorption-desorption

The structural transformations of the catalysts during the
ramp CO-PROX experiments were studied, and Fig. 6 shows
the X-ray powder diffraction (XRD) patterns of fresh and used
cryptomelane and CuO/cryptomelane.

All diffractograms showed the main reflections of the
cryptomelane structure, while evidence of the CuO peaks
were not observed in the diffractograms of CuO/
cryptomelane. This indicated that CuO aggregates must con-
sist of small crystallites.>*%¢

x
x - x . x .
x

CuO/Cryptomelane x Used in consecutive CO-PROX cycles
/’ with 400°C reoxidation in between
x x x x x x
Fox
MWW x W Wl ]

CuO/Cryptomelane x
. \/Pl Fresh

x x x x

Cryptomelane Fresh

10 20 30 40 50 60 70 80
20()
Fig. 6 X-Ray powder diffraction patterns for: (a) fresh cryptomelane;
(b) used cryptomelane; (c) fresh CuO/cryptomelane; (d) used CuO/
cryptomelane after 5 consecutive CO-PROX cycles with 400 °C
reoxidation in between. (*) Cryptomelane (JCPDS card no. 29-1020);
(A) CuMn;O4, (JCPDS card no. 45-0505); (¢) Mn3O,4 hausmannite
(JCPDS card no. 24-0734); (0) CuO (JCPDS card no. 80-1268).
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Fig. 7 N, adsorption-desorption isotherm (-196 °C) characterization
for fresh cryptomelane, fresh CuO/cryptomelane and used CuO/
cryptomelane after 5 consecutive CO-PROX cycles with 400 °C
reoxidation in between. (a) N, adsorption-desorption isotherm and (b)
pore size distribution calculated by the DFT method.

The cryptomelane catalyst showed the same diffractogram
before and after the ramp CO-PROX experiments, which was
in good agreement with the high stability of this material un-
der reaction conditions (see Fig. 2). On the contrary, an addi-
tional peak appeared on the diffractogram of CuO/
cryptomelane after the CO-PROX experiments that could be
attributed to hausmannite (MnzO,) and/or to hopcalite
(CuMn,0,). Cryptomelane, hausmannite and hopcalite are
based on tetragonal structures, and seldom transitions can
take place as a consequence of partial reduction of manga-
nese cations and/or due to the sintering of copper particles
to form copper-manganese mixed oxide aggregates. These
transformations are in agreement with the surface
restructuration observed by XPS (Table 1) and with the worse
reduction of CuO observed in H,-TPR profiles (Fig. 5), and
also explain why the CO oxidation capacity of CuO/
cryptomelane was not fully recovered after reoxidation at 400
°C (Fig. 2).

Finally, selected samples were characterised by N, adsorp-
tion-desorption at —196 °C. Fig. 7a shows the N, adsorption-
desorption isotherms for fresh cryptomelane, fresh CuO/
cryptomelane and CuO/cryptomelane used during the 5 con-
secutive CO-PROX cycles with 400 °C reoxidation in between,
and Fig. 7b shows the pore size distributions calculated by
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Table 2 Catalyst characterization by gas adsorption-desorption

SBET
Catalyst (m>¢™)
Cryptomelane fresh 73
CuO/cryptomelane fresh 59

CuO/cryptomelane used during the consecutive CO-PROX 55
cycles with 400 °C reoxidation in between

the DFT method. The obtained specific surface areas are
compiled in Table 2.

Cryptomelane showed a type IV N, adsorption isotherm,
with a hysteresis loop in the high relative pressure range,
which according to the IUPAC classification is typical of
mesoporous materials. Cryptomelane-based materials show a
type H3 hysteresis, as it does not exhibit any limiting adsorp-
tion at high P/P,, and this is typical of non-rigid aggregates
of plate-like particles giving rise to slit-shaped pores.®”

The N, adsorption-desorption isotherms of fresh and
used CuO/cryptomelane were qualitatively similar to that of
cryptomelane, but with a slightly lower adsorption at low rel-
ative partial pressures. This decrease could be attributed to
the partial porosity blocking by CuO. This is confirmed by
the pore size distributions (Fig. 7b). Fresh cryptomelane
shows porosity in the 1-5 nm range, as expected, and CuO
decreases porosity at around 2 nm. The surface area values
are also consistent with the decrease upon CuO loading,
being 73 m> g for cryptomelane and 59 m> g™' for CuO/
cryptomelane, and these values are in agreement with those
reported by other authors.”>*>#%# Fyrther changes in the
porosity of the CuO/cryptomelane catalyst during the ramp
CO-PROX reactions were negligible, indicating that the
restructuration detected by XPS and XRD does not affect the

porosity.

4. Conclusions

In conclusion, the study of cryptomelane and CuO/cryptomelane
catalysts in the CO-PROX reaction, paying special attention to
deactivation and regeneration, has shown that:

e Cryptomelane was stable during the CO-PROX reactions
in ramp experiments until 200 °C and in a long-term isother-
mal experiment (10 h). Changes neither in the H, reducibility
and porosity nor in the crystalline phases detected by XRD
were observed.

e CuO/cryptomelane was partially deactivated during the
consecutive CO-PROX reaction cycles performed until 200 °C,
and the catalytic activity was partially restored by reoxidising
the catalyst at 200 °C or 400 °C, the latter temperature being
more effective.

e In spite of the CuO/cryptomelane partial deactivation,
the catalytic CO-PROX activity of this catalyst was higher than
that of cryptomelane once a stable behaviour was achieved.

e The partial deactivation of CuO/cryptomelane was re-
lated to the segregation of crystalline phases (hausmannite
(Mn3;0,) and/or to hopcalite (CuMn,0,)), with segregation of

This journal is © The Royal Society of Chemistry 2016
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potassium to the surface and decrease in the copper cations’
reducibility. The potential contribution to the deactivation of
changes in the porous texture of the CuO/cryptomelane cata-
lyst has been ruled out.
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