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Around 1870, Henry Deacon discovered a process to valorize
the large amounts of gaseous HCl, originating as a by-product
of the Leblanc process, by catalytic oxidation to Cl2,

[1] which
was used to make bleaching powder. Employing a pumice-
supported CuCl2 catalyst in a fixed-bed reactor, the Deacon
process constituted the first large-scale application of hetero-
geneous catalysis and one of the first examples in industry of
the “waste-to-product” approach.[2] This process did not last
long in industry because the Leblanc process for Na2CO3

production was superseded by the less wasteful Solvay
process, and with the development of suitable generators at
the end of the 19th century, Cl2 was exclusively manufactured
by NaCl electrolysis. The story now repeats itself, 140 years
after Deacon. Currently, the recycling of by-product HCl
from phosgenation processes (e.g. polyurethane and poly-
carbonates production) by conversion to Cl2 is in high
demand.[1] However, neither the original Deacon catalyst,
nor the multitude of (promoted) Cu-based systems developed
during the 20th century offer a feasible solution, because they
deactivate rapidly owing to the volatilization of copper
chlorides under the reaction conditions.[2, 3] Any copper-
based catalyst reported to date suffers from fast bulk
chlorination, leading to volatile CuCl2 and CuCl, which
translate into short catalyst lifetimes and severe corrosion
issues in the plant.[3]

Owing to these constraints, contemporary efforts focused
on RuO2-based catalysts, which preserve their bulk structure
in HCl oxidation, leading to stable Cl2 production in pilot
trials and plant installations.[4] Despite this success, the
development of industrial catalysts based on copper is
highly appealing owing to the much lower price of copper
compared to ruthenium. Our efforts in this direction resulted
in CuAlO2,

[5] which showed stable Cl2 production during
1000 hours on stream but (as usual) experienced critical bulk
changes and a significant copper loss of 40% at the end of the
run. Further efforts around the delafossite structure have
ended with the discovery of CuCrO2 as the first Cu-based
catalyst displaying a high activity for HCl oxidation while

preserving its bulk structure under reaction conditions.
Herein, we show the unique stability of CuCrO2 under
chlorinating and oxidizing environments, which is vital to
guarantee its durability. Building on this result, a novel
CuCrO2-CeO2 composite for HCl oxidation is presented, with
a fourfold activity increase compared to the pure CuCrO2 and
CeO2 phases. This catalytic system enables a cost-effective
and energy-efficient technology for Cl2 production.

The structure of cuprous delafossites (CuMO2) can be
visualized as the stacking of planer layers of Cu+ cations and
layers of edge-sharing M3+O6 octahedra (Figure 1).[6] Typical

M3+ cations include Al, Cr, Fe, Co, Ga, Y, In, La, Nd, and
Eu.[7] CuCrO2 and CuAlO2 have received considerable
attention as transparent conducting oxides for optoelectronic
device technology.[8] However, their use in catalysis is scarce,
with reported applications in methanol synthesis, N2O
decomposition, methanol steam reforming, and photocata-
lytic H2 evolution and NO3

� removal.[9]

Single-phase cuprous delafossites were synthesized by the
solid-state reaction of an equimolar mixture of Cu2O and
M2O3 (M = Cr, Al, Ga, Fe, Mn) at 1273–1423 K for 30 hours.
As shown in Figure 2a, the X-ray diffraction (XRD) patterns
of CuCrO2, CuAlO2, CuGaO2, and CuFeO2 match the
characteristic rhombohedral structure (space group R�3m),
while that of CuMnO2 corresponds to the monoclinic
structure (space group C2/m).[6, 10] The anomaly of CuMnO2

(known as crednerite) is related to the Jahn–Teller distortion,
which leads to a large difference between apical and
equatorial Mn�O distances within the Mn3+O6 octahedra.[11]

Figure 1. Rhombohedral structure of delafossite common to CuCrO2,
CuAlO2, CuGaO2, and CuFeO2 (left) and the distorted CuMnO2 with
a monoclinic structure (right).
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Catalytic tests of HCl oxidation (Figure 3a) revealed that
CuCrO2 was the most active delafossite, closely followed by
CuAlO2, while CuMnO2 and CuGaO2 exhibited inferior
activity. The run over CuFeO2 was interrupted at 630 K owing
to significant metal loss in the form of volatile FeCl3 (boiling
point of 588 K). The apparent activation energy estimated for
CuCrO2 and CuAlO2 was approximately 90 kJ mol�1 and
140 kJmol�1 for CuGaO2 and CuMnO2. However, the most
exciting results were obtained by XRD analysis of the post-
reaction samples. The structure of CuCrO2 was unchanged in
HCl oxidation at 573–690 K and even in pure HCl (i.e.
without gas-phase O2) at 690 K for ten hours (Figure 2b).
Contrarily, CuAlO2, CuGaO2, CuFeO2, and CuMnO2 exhib-
ited prominant bulk changes under HCl oxidation for five
hours with the identification of metal chlorides (CuCl2·2 H2O,
CuCl, GaCl2, FeCl3, FeCl2, MnCl2·2H2O) and spinels
(CuAl2O4, CuGa2O4, CuMn2O4). These bulk changes are
related to the fact that Cu+ in the delafossite structure is
prone to oxidation, eventually leading to phase transforma-
tions (2CuMO2 + 1=2 O2!CuO + CuM2O4 and CuM2O4!

CuO + M2O3) and instantaneous chlorination of the resulting
single oxides. This was supported by XRD analysis of the
delafossites treated in air at various temperatures for five
hours (Figure 2c). CuCrO2 was stable at all temperatures up
to its synthesis temperature (1373 K). In contrast, CuMnO2,
CuFeO2, CuGaO2, and CuAlO2 led to the formation of CuO
and CuM2O4 above 673 K, 773 K, 873 K, and 1073 K,
respectively. Accordingly, the decomposition of the latter
three delafossites is promoted under the conditions of HCl
oxidation at a much lower temperature compared with air.
The Ellingham diagram further supports the wider region of
stability of CuCrO2 compared to CuAlO2 (Supporting
Information, Figure S1). This demonstrates that the excep-
tional stability of CuCrO2 delafossite in HCl oxidation arises
from its unprecedented stability under chlorinating and
oxidizing atmosphere.

It should be emphasized that a very short period of
exposure of any copper phase reported thus far to HCl or HCl
and O2 was sufficient to induce bulk changes and metal loss,
leading to catalyst deactivation. For example, the typical

Figure 2. X-ray diffraction patterns of the a) as-prepared cuprous delafossites, b) after HCl oxidation at 573–690 K, and c) after treatment at
various temperatures in air. The gray pattern in the top section of (b) corresponds to the CuCrO2 sample treated in pure HCl at 690 K. The
crystalline phases identified in the samples are listed on the right of the patterns, with the predominant component in bold.

Figure 3. a) Space–time yield (STY) and HCl conversion versus reciprocal temperature for the cuprous delafossites. b) STY of the CuCrO2-CeO2

composites and the constituting pure phases after 5 h of equilibration. Inset: activity of the catalysts over time. c) STY versus feed O2/HCl ratio
for the CuCrO2 and CuCrO2-CeO2 composite. Conditions: Tbed = 653 K, O2/HCl = 2, Wcat = 0.5 g, FT = 166 cm3 STPmin�1, and P = 1 bar.

9955Angew. Chem. 2013, 125, 9954 –9957 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


CuO/SiO2 presents signs of bulk chlorination after five
minutes of reaction and copper loss of approximately 60%
after five hours at 673–723 K. The above delafossites, except
the CuCrO2, also experienced large metal losses. A copper
catalyst for Cl2 production can only be practical if bulk
changes do not occur under reaction conditions. After more
than seven years of Deacon research in our lab, testing
hundreds of catalysts, CuCrO2 is the first material exhibiting
this property. This material is important also because Cr2O3

based catalysts deactivate rapidly during HCl oxidation owing
to a loss of chromium in the form of volatile Cr6+ species
(CrO2Cl2 and CrO2(OH)2) generated during reaction.[12]

However, in the delafossite structure, Cr+3 is inert towards
HCl. Thus, the delafossite structure is crucial to stabilize both
copper and chromium, leading to a stable catalytic system in
long catalytic runs (see 100 hour test in Figure S2).

The next step was improving the activity of CuCrO2,
which is about one order of magnitude lower than the
industrial RuO2 based catalysts.[4d] For this purpose, we
choose CeO2, which is an efficient HCl oxidation catalyst[13]

and a catalyst promoter because of its ability to store
oxygen.[14] CuCrO2-CeO2 composites were prepared by
mechanochemical activation of CuCrO2 and CeO2 powders
in different proportions. Catalytic data was acquired after five
hour tests at O2/HCl = 2 and Tbed = 653 K (Figure 3b). The
activity of individual oxides was also included for reference,
which showed that both possess similar and low space–time
yields (STY). Distinctly, the CuCrO2-CeO2 composite with 30
wt % CuCrO2 shows about four times higher activity com-
pared to either individual phase. This result indicates that
CuCrO2 and CeO2 show synergy in HCl oxidation. It should
be stressed that the grinding process did not alter the total
surface area of the composites. The performance of the
individual oxides and their porosity did not change upon
similar mechanochemical activation. These results rule out
a textural origin for the activity enhancement. The composites
with 10 wt% and 30 wt % CuCrO2 exhibited a similar (high)
steady-state activity after five hours, demonstrating the wide
compositional window in which this effect can be attained
(Figure 3b, inset). The inset also shows that the activity
increases with time at the beginning of the run, strongly
suggesting that the synergistic effect between the delafossite
and the ceria phases develops under the reaction conditions.
The composite with higher delafossite content reached the
steady-state level faster. Further understanding of this effect
requires more detailed studies. As expected, the bulk
structure as well as the copper content of the catalyst after
this test remained unaltered with respect to the fresh sample
(Figure S3), thus extending the stability of the individual
phases to the composite system at a high degree of HCl
conversion. The composites, as exemplified for 30CuCrO2-
70CeO2, displayed extraordinarily stable Cl2 production over
200 hours on stream with minimal metal loss (Figure S2). In
contrast, the previously reported CuAlO2 delafossite experi-
enced a 20 % copper loss over the same time.[5]

To understand the mechanism of the synergistic effect of
CeO2 on the activity of CuCrO2, the influence of feed O2

content on the activity was investigated (Figure 3c). The
activity of the CuCrO2 was enhanced upon increasing the

oxygen content in the feed and the formal reaction order of
O2 was calculated at approximately 0.5, which suggests that
catalyst reoxidation is the limiting step.[5] This step was
remarkably improved in the CuCrO2-CeO2 composite as
exemplified by two times higher reaction order (0.9) than
either single component (Figure 3c).[13] This result supports
that CeO2 accelerates the catalyst reoxidation step, probably
by acting as an oxygen donor/storage material, and thereby
boosts the overall HCl oxidation activity in the CuCrO2-CeO2

system.
In summary, we discovered the first copper-based mate-

rial, a CuCrO2 delafossite, which exhibited a unique resist-
ance to bulk chlorination and, thus, allowed stable Cl2

production in a long run. Building on this result, we
developed a novel CuCrO2-CeO2 composite material, which
showed a fourfold activity increase compared to its individual
components. Thus, a cost-effective chlorine recycling method
based on copper catalysts is now a feasible alternative to
RuO2 based systems. Implications of these results for the
design of a stable and highly active copper catalyst are also
useful for reactions involving an aggressive reaction mixture,
such as the oxychlorination of hydrocarbons. In this reaction,
as in HCl oxidation, volatilization of copper is a critical issue.

Experimental Section
Cu2O (Strem, 99.9%), g-Al2O3 (Alfa Aesar, 99.997%), Cr2O3 (Strem,
99.995%), Ga2O3 (Strem, 99.998%), Mn2O3 (Aldrich, 99.999%), and
Fe2O3 (Strem, 99.999%) were used as precursors. Cuprous delafos-
sites with the formula CuMO2 (M = Al, Cr, Ga, Fe, Mn) were
synthesized by the solid-state reaction of equimolar mixtures of Cu2O
and M2O3 homogenized by ball milling for 30 min followed by static-
air calcination at 1273–1423 K for 30 h. CuCrO2 and CuAlO2 were
cooled down in regular air. Pure CuGaO2, CuFeO2, and CuMnO2

required cooling down in a flow of N2 (details in Table S1). CuCrO2-
CeO2 composites were prepared by grinding CuCrO2 and CeO2

(Aldrich, 34 m2 g�1) powders in mass ratios of 10:90 and 30:70 using
an agate mortar and pestle for 15 min. The gas-phase oxidation of
HCl was studied in a continuous-flow fixed-bed reactor at 1 bar.[3e]

The catalyst (Wcat = 0.5 g, particle size = 0.4–0.6 mm) was loaded in
the 8 mm inner diameter quartz microreactor and pre-treated in N2 at
573 K for 30 min. Thereafter, a total flow (FT) of 166 cm3 STPmin�1

containing 10 vol% HCl and 0–70 vol% O2 balanced with N2 was fed
into the reactor at bed temperatures (Tbed) in the range of 573–690 K.
Cl2 was quantified by iodometric titration using a Mettler Toledo G20
Compact Titrator. The percentage of HCl conversion was determined
as XHCl = (2mole Cl2 at the reactor outlet/1mole HCl at the reactor
inlet) � 100 and the space–time yield as STY= grams of Cl2/(hour�
gram of catalyst). The used catalysts were collected after rapid
quenching of the reactor to room temperature in N2 flow and
characterized by X-ray diffraction (PANalytical X’Pert PRO-MPD)
and inductively coupled plasma-optical emission spectroscopy
(Horiba Jobin Yvon Ultima 2).
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