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Abstract
Eco-settlements are active examples of sustainable development for mass dissemination with minimal consumption. However, 
in general, the goals of sustainable development are rarely achieved. The main reason for the failure of a promising project is 
the unreasonable focus on alternative energy sources. The sun and wind—as renewable energy sources—are not permanent. 
Yet, increasing their share of energy requires energy storage technology. A new approach to green carbon energy is proposed 
in the form of a technically feasible concept of Distributed Multigeneration (DMG), for which unclaimed carbon resources 
are practically unlimited. A waste-free, flexible process without environmental pollution can be developed using the best-
known and novel technologies. This article discusses the advantages and issues associated with cermet membranes. The ideas 
of a smart oxygen membrane, understanding of degradation processes, optimization of the architecture and compositions of 
membrane materials, and a technically feasible roadmap for continuous membrane fabrication could drive success for a new 
version of ion transport technology. For the implementation of membranes in the energy sector, the required durability is 
8,000 hours. Such durability can be achieved by periodic regeneration of the membranes after the ordering of oxygen vacancies 
with short-term heating up to 640°C. Environmentally essential, full cleaning of flue gases turns them into fertilizers for 
greenhouses and sweep gas, which ensures long-term operation of the membranes and eliminates the need for expensive high-
pressure equipment. The profitability of IT OSM technology can be achieved through a combination of new and well-known 
conjugated technical and logistical solutions which provide a synergy effect for DMG. The success of the pilot project  of an 
eco-estate lies in the two-fold reduction in capital costs and maintenance while meeting modern housing requirements. This 
result is achieved by a critical selection of compatible solutions, semi-autonomous energy-efficient execution, a combination 
of passive engineering systems, and a construction roadmap using local resources and wastes. The mass construction of eco-
villages with improved quality of housing at a reduced price, together with social and industrial infrastructure, can provide 
demand for DMG, which can greatly expand the market in the direction of autonomous settlements. A significant part of the 
conjugated scientific and technical solutions can be useful in other regions and countries.
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1. Highlights
•	 Nano-cermet δ-Bi2O3/Ag-based IT OSM has the 

maximum potential for air separation.
•	 The idea of a smart oxygen membrane will ensure their 

feasibility.
•	 Complete combustion of finely ground carbon fuel in 

oxygen-enriched air.
•	 Conjugated solutions are effective in the construction of a 

semi-autonomous eco-estate.
•	 Distributed multigeneration and eco-villages have synergy 

and meet modern challenges.
•	 Rational use of natural resources, sun, and wind energy.

2. Introduction
New eco-settlements on all continents can be seen as 
sustainable development demonstration projects for mass 
dissemination with minimal consumption of non-renewable 
resources and preservation of the environment [1]. In 
1995, the Global Ecovillage Network (GEN) was founded. 
Ecovillages have become a fundamental form of urban 
implementation of ideas, which are based on local initiatives 
and the integration of the four dimensions of sustainability: 
environmental, economic, social, and cultural aspects. GEN 
began to build interaction between politicians, scientists, 
entrepreneurs, and eco-communities, implementing a 
strategy for a global transition to sustainable development. 
This direction is supported by The United Nations Human 
Settlements Program (UN-HABITAT) [2]. The program is 
being updated by existing challenges: such as climate change, 
the pandemic, and lack of resources. Eco-settlements in 
different countries are characterized by common features: 
ecological farming (based on the principles of permaculture), 
environmental restoration (forest planting), the use of 
innovative technologies, materials, and alternative energy 
(windmills and solar panels) [3]. For example, in the Russian 
Federation, the movement to construct and develop eco-
villages began in the 1980s. According to the website [3], 
more than 200 eco-villages were created with a population of 
20,000.

The process of urbanization in Russia, as in other countries, is 
gaining momentum, but at the same time, there is a positive 
reverse trend of resettlement to the countryside with urban 
ideas that maintain a comfortable standard of living, along 
with new technologies and materials. However, the reverse 
flow from megacities turned out to be incomparable to the 
flow of large cities. The pandemic changed the situation 
a little, but country houses and eco-villages turned out to 
be just a place for summer residences for those working in 
megacities. In Moscow and surrounding regions, only 20% 
of eco-houses were used for winter living. Eco-villages have 
not turned into stable settlements with schools and other 
social infrastructure, industrial, and agricultural enterprises 
that provide residents with income. The main reason for 
the failure of a promising pilot project is energy. Focusing 
on alternative non-permanent energy sources (wind and 
sun) in the harsh climatic conditions required additional 

permanent sources. The cost of electricity from renewable 
resources with parameters that are far from the standards 
turned out to be too expensive with an unlimited Simple Pay-
Out Time (SPOT), which is unacceptable for the sustainable 
development of businesses and eco-villages. The electric 
energy from gasoline generators is unacceptably expensive 
for residences and businesses. The provincial electricity 
network is characterized by low power, voltage variations of 
140–240 V, and frequent outages, especially dangerous during 
severe frosts. This problem is global, bearing in mind that a 
significant part of the rural population does not have access 
to a reliable electrical network. Another reason for the slow 
development of eco-villages is the problem of communications 
and connection with civilization: road, electrical network to 
start construction, water and sewerage, heat, Internet, and 
TV. The direct transfer of urban building technologies to the 
countryside in a harsh climate led to a high cost per 1 m2 (2–6 
times higher than the modern dwelling of similar comfort in 
cities like Novosibirsk). Such a difference in prices practically 
does not give chances for the creation of eco-villages with 
sustainable development.

The concept of distributed multigeneration DMG, first 
presented at the 2012 Meeting of ACS in San Diego, CA, fully 
meets modern challenges, as shown in Figure 1. The heart 
of DMG is a membrane module of intermediate temperature 
oxygen selective membranes (IT OSM) based on δ-Bi2O3/Ag 
cermet for the separation of oxygen from air at an operation 
temperature To ~ 550°C. The combustion of finely ground and 
homogenized fuels in an atmosphere of oxygen-enriched air 
is the main idea of DMG (Figure 2), which ensures complete 
combustion of carbon with the formation of expensive micro-
spherical materials instead of traditional wastes (Figure 3). 
Environmentally essential complete purification of flue gases 
turns them into fertilizing for greenhouses and sweep gas, 
which ensures long-term operation of the membranes and 
eliminates the need for expensive high-pressure equipment.

Figure 1: General scheme of DMG. 1 - silo for carbon fuel, 2 - 
silo for additives, 3 – windmill, 4- ball mill for fine grinding and 
homogenization, 5 - silo for pulverized fuel, 6 - boiler (reactor), 7 
- membrane module for air separation, 8 - steam turbine, 9 - fans, 
10 - electric generator, 11 - thermoelectric module, 12 - carbon 
absorbents in a bag filter for capturing volatile elements, 13-16 - 
silo for passive coagulation of aerosol particles and precipitation of 
microspheres fractions, 17 - set of greenhouses with different CO2 
content, 18 - residences and 19 - enterprises with a water heating 
system, 20 - heat exchangers.
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Figure 2: Scheme of gas flows for the case of O2 enrichment 30% in 

m-TPP in relative volume units (without Ar): 1 (100 = 79 N2 + 21 

O2), 2 (1000 = 790 N2 + 210 O2), 3 (197.5 = 115 N2 + 10 O2 + 68 CO2 

+ 4.5 H2O), 4 (137 = 79 N2 + 7 O2 + 48 CO2 + 3 H2O), 5 (60.5 = 36 

N2 + 3 O2 + 20 CO2 + 1.5 H2O), 6 (96.5 = 36 N2 + 39 O2 + 20 CO2 + 

1.5 H2O), 7 (964 = 790 N2 + 174 O2), 8 (1101 = 869 N2 + 181 O2 + 48 

CO2 + 3 H2O).

(a)

(b)

Figure 3: Ceramic (a) and glass (b) hollow microspheres.

The optimal power of thermal mini-plants (m-TPP) is 1-10 
MW. The potential share of DMG in the electricity market 
is approximately 7%. This value coincides when assessed 
from different positions—especially with the volume of the 
microsphere market for concrete and distributed generation. 
DMG is in demand primarily in the construction and 
development of autonomous and semi-autonomous eco-
settlements for 100–1000 residences, as illustrated in Figure 
4.

Figure 4: General scheme of an electrical network with low-power 

lines to ecovillages for their successful construction and sustainable 

development.

The interest of investors in DMG is directly related to the 

possibility of mass construction of residences in eco-villages 

at affordable prices. The successful implementation of the 

low-cost eco-estate pilot project shows the attractiveness 

of the process of de-urbanization on a new basis with 

DMG. Sustainable development with the preservation of 

the environment and the minimum consumption of non-

renewable resources becomes quite evident when creating 

durable oxygen membranes. The carbon cycle in the eco-

settlements with DMG is shown in Figure 5. Natural carbon 

resources are transferred to the soil, and consumers receive 

energy as well as industrial and agricultural products with the 

reasonable and efficient use of solar and wind energy.

3. Experimental Part

3.1. Reagents

The precursor materials include Bi2O3 (Russia, 99.99% pure), 

nitrates of REE (former USSR, 99.9% pure), powders of REE 

oxides (Dy2O3, Er2O3, China, 99.9% pure), WO3, Ta2O5, Fe2O3 

(former USSR, 99.9% pure), HfOCl2 (Russia, 99% pure), CuO 

(Russia, 99.9% pure), Mn2O3 (Russia, 99.9% pure), metal 

powders - Cu (Russia, 99.99% pure), Ag (Russia, 99.9% pure), 

and Mn (China, 99.9% pure).
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Figure 5: Scheme of the carbon cycle in the ecovillage with DMG.

3.2. Synthesis Techniques
A standard solid-state synthesis route with high-energy ball 
milling (mechanical activation, MA) in planetary mill AGO-
2, Russia was used to obtain all materials. The synthesis of 
ceramic nano-powders was carried out by a three-step 
process firing at 800–950°C in the air. Inox steel ball diameter 
was 4 mm and the ball-to-powder weight ratio ~10:1. Milling 
time was 5–15 min in the most intensive mode g = 60 (speed 
of rotation 750 rpm, supplied energy Es ~ 10–30 MJ/kg). A 
known technique for ceramic powders was used [4,5], which 
ensures high powder uniformity and drastically reduced iron 
contamination of the materials < 0.01 wt%. The technique 
includes pre-coating the surface of the steel medium with 
the processed material, continuous processing for 30–60 
s, followed by forced mixing of material and balls to avoid 
the accumulation of material in the dead zone. Mechanical 
alloying and preparation of metal-matrix composites were 
done using the same technique. For the study of wettability, 
submicron particles of Ag were deposited with a density of 
1 mg/cm2 on the surface of ceramic disks from the charged 
aerosol in Electro-Mass-Classifier (EMC), Nano-powder 
Technology Ltd, Russia. Coated with silver ceramic discs were 
subjected to heating up to 600°C in the HT chamber of the 
XRD diffractometer.

3.3. Samples
A dense ceramic disk with composition Bi0.78Er0.2Hf0.02O1.51 
(2HESB) was obtained by pressing MA nano-powder at 
200 MPa and sintering at 900°C with rapid cooling in air. 
Ceramic powder samples were obtained with compositions 
Bi0.78Dy0.12Er0.1O1.50 (DE), Bi0.76Dy0.12Er0.1W0.02O1.53 (DEW2), 
Bi0.76Dy0.12Er0.1Ta0.02O1.52 (DET2), Bi0.76Dy0.12Er0.1Hf0.02O1.51 
(DEH2), Bi0.76Dy0.12Er0.1M0.02O1.52 (DEM2, for brevity M = mix 
of Hf4+, Ta5+, W6+). Pressed at 200 MPa, powders were gradually 
heated up to 600°C with a short exposure of one minute. 
Spinel CuMn2O4 and perovskite La0.7Y0.3Co0.5Fe0.3Mn0.2O3 were 
synthesized from MA powders by firing at 900°C. Alloys 
with compositions Ag0.7Cu0.3 and CuMn2 were obtained 
by mechanical alloying for the synthesis of metal-matrix 
composites with spinel and perovskite.

3.4. Characterization
The characterization of samples was carried out through 
a combination of methods. Powder XRD data at T = 22°C 
were collected on a D8-Advance (CuKα-radiation), Bruker, 

Germany. High-temperature XRD studies were carried out 
at temperatures up to 600°C with the use of HTK 1200N 
Anton Paar, Austria. The full-profile Rietveld analysis of the 
powder patterns was done using software PowderCell-2.4 and 
TOPAS V4.2. A special iterative algorithm was developed 
with a gradual improvement in the parameters for describing 
the background and pseudo-Voigt1 (na, nb) profile function. 
SEM studies with EDS for control of chemical composition 
were carried out in TM-1000 and 3400N, Hitachi, Japan. 
The admixture of iron was not fixed, and the content of the 
introduced dopants did not differ from the initial formulation 
within the limits of the method error. Electrical conductivity 
measurements were carried out at T = 140–650°C in 
isothermal mode using an MNIPI E7-25 immittance meter, 
Russia, in the frequency range 30 Hz - 1 MHz with standard 
data processing procedures. Gold electrodes 30 nm thick were 
deposited on ceramics by sputtering followed by soldering Ag 
wires.

4. Results and Discussion
4.1. Main Market Sector for DMG
4.1.1. The Main Features of the Implemented Eco-Estate 
Project in a Harsh Climate
4.1.1.1. General Design and Materials
The original project of a semi-autonomous energy-efficient 
passive smart eco-estate was implemented by the author in 
2017 near the academe township, Novosibirsk, Russia, with 
the use of new technologies and waste utilization, as stated in 
Figures 6 and 7.

Figure 6: South side of eco-estate in summer.

Figure 7: North side of eco-state in winter.
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Novosibirsk is considered the scientific capital of Russia. An 
initiative comprising scientists aiming for the creation of eco-
villages was born in the late 1980s. The author, along with other 
pioneers, was awarded the 1st prize in an open competition 
of the Ministry of Construction in 1996 for an eco-house 
project with the use of local resources. The fly ash processing 
technology used in the construction was presented at the 
Leipzig Fair in 1995 and the International Fair in Gdansk in 
1998, where it received gold medals in two categories. In more 
detail, this eco-technology based on the possibilities of EMC 
techniques is presented in the book [6] and papers [7–9]. The 
cost of constructing an eco-house with a living area of 200 
m2, as well as operating costs per 1 m2 turned out to be 2–3 
times lower than in buildings in the academe township. A lot 
of original and partially patented solutions were implemented 
in the project. At the same time, several classic solutions for 
eco-villages were used as well: solar orientation, thermal 
buffer zones (greenhouse, garage), thermal zoning, maximum 
use of local resources, a flat roof for growing plants, collecting 
rainwater for irrigating the site in summer, and permaculture.

The eco-estate is located on a plot of 17 acres. The house was 
built on heaving ground with a high content of clay minerals 
up to 45% unsuitable for construction. The water from the 
well turned out to be unsuitable even for technical needs due 
to the high content of iron (20-fold excess), manganese, and 
calcium salts. The temperature 30 km south of Novosibirsk 
drops to -45°C, and the mean annual temperature ~ -4°C. To 
deliver building materials, the road 40 m long to the house 
was made manually with the utilization of local wastes for 
ground stabilization - fly ash and granite dust [10]. The 
cost of the road was made with a methodology that is seven 
times cheaper than using a German patent. The foundation 
without formwork and steel reinforcement in the form of a 
grillage 0.2 m thick on poured piles with a diameter of 0.15 
m, and a depth of 2 m was made of expanded cheap concrete 
prepared on site with fly ash and cement content of 1:1. The 
cost of the foundation turned out to be 50 times cheaper 
than recommended for such ground monolithic Swedish 
slab. The structure of the matryoshka-type house is made 
of facing ceramic bricks on the outside and ordinary bricks 
on the inside, between which there is a wooden frame filled 
with straw. The calculated coefficient of thermal resistance of 
multilayer walls with finishing is R = 6.0 K.m2/W, which is two 
times higher than the requirements of the RF standard. The 
central massive wall and the inner walls act as load bearing 
for the steel pipe beams, on which ceilings are made without 
the involvement of machinery. Beam deflection is minimized 
as one end of the beams is already fixed. The plinth and the 
central wall with a width of 1 m at the bottom to 0.6 m at the 
top are filled with ~55 T ground from the basement. The total 
mass of the house ~350 T provides a very high thermal inertia 
with a small load of 0.5 kg/cm2 on the outer foundation strip, 
which is most susceptible to external influences. Creating a 
flat roof with straw insulation, unusual for a harsh climate, 
turned out to be a cheaper, safer, and faster solution, which is 
very important due to the short building season. In addition, 
1 m of snow on the roof additionally provides negligible heat 
loss through the roof in winter. The selected flat roof is safe 
against avalanches and icicles, but it requires snow removal 
before it begins to melt in early spring. Energy and cost–
efficient blind windows eliminate air infiltration. In addition, 
the windows are equipped with roller shutters on the outside 

and curtains on the inside to minimize heat losses. The 
thermos-like houses have no cold bridges and are protected 
by a heat buffer for half the perimeter.

4.1.1.2. Smart Home Ideas
Home-keeping experience shows that some “smart home” 
ideas in harsh climatic conditions are not only unprofitable 
but also dangerous. For example, automatic shutters can 
jam in the wind or fail after rain and cold snap. The software 
becomes obsolete too quickly even in comparison with the 
time of construction. The failure of one of the engineering 
systems in the house can lead to a domino effect with disastrous 
consequences. Reducing the voltage in the network in severe 
frosts to 140–150 V can damage control and UPS equipment. 
For an eco-house in harsh climatic conditions, cheap passive 
systems are the most reliable. Some well-known and widely 
advertised “eco-systems” were not used in the eco-house: 
For example, 1) solar collectors, despite the high efficiency of 
modern designs, were not used because the use of water as a 
heat carrier is impossible due to expansion when frozen. The 
use of organic liquids is unacceptable due to the high cost, fire 
hazards, the fragility of rubber gaskets, and chemical reactions 
with the formation of toxic substances. 2) Solar panels were 
not used to generate electricity. The system and its installation 
are very expensive with low durability. When installed on the 
south wall, the panels reduced the thermal performance of 
the house. The system is not viable even as a backup system. 
Efficiency cycles and energy needs are out of phase, requiring 
an additional energy storage system. As a result, a similar 
“eco-system” provides the opposite effect. 3) Local treatment 
systems for wastewater like TOPAS [www/topol-eco.ru] were 
omitted. Blackwater local treatment is expensive, incomplete, 
and unreliable in severe frosts. 

4.1.1.3. Conjugated Engineering Systems
A modern house for a comfortable family living requires 
engineering systems, each designed and executed 
independently in a market economy. The whole combination 
of modern engineering systems is difficult to combine and 
install in a short time. In addition, the cost of equipment and 
installation is too high. The first eco-house project developed 
by Ecodom Ltd with a compilation of independent engineering 
systems had an estimated cost that was six times higher per 
1 m2 than a standard apartment in a custom building. The 
first eco-house in Novosibirsk in a stripped-down version 
was built in 1998 as a pilot project with the support of the 
regional government, but it turned out to be unsuccessful and 
unclaimed. Our successful implementation of the eco-state 
project was due to the critical selection of solutions offered 
on the market and the development of passive conjugated 
engineering systems enabling semi-autonomous execution.

4.1.1.4. Water Supply and Sewerage
The pump in the well periodically supplies water with T = 
7°C through corrugated metal pipes to tanks for passive 
treatment, heated to 9°C in tanks for gray wastewater. The 
water purification system includes six tanks connected in 
series with siphons. In the first tank, water is aerated, causing 
Fe2+ ions to oxidize to Fe3+ with the formation of insoluble iron 
hydroxide. Ions Ca2+ and Mg2+ absorb CO2 with the formation 
of poorly soluble calcite Ca(Mg)CO3. Joint coagulation of 
colloidal particles leads to accelerated precipitation, as shown 
in Figures 8 and 9.
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Figure 8: Brown sediment in the 1st tank, content of Fe 1.7, Mn 0.3, 
Ca 97.7, Mg 0.3 wt%.

Figure 9: White sediment in the 5th tank, content of Ca 97.9, Mg 2.1 
wt%.

After two weeks, purified water with reduced hardness reaches 
the clean water tank by gravity, from where it is pumped 
under pressure into the water supply system. In winter, 10 m3 
of water in tanks provides a significant contribution to the 
thermal inertia of the house, equivalent to 50 T of materials. 
The implemented passive water supply system practically 
does not require maintenance. On the contrary, offered 
on the market complex water treatment systems, based on 
membrane technology, have not only 5–10 times higher 
capital costs, but also require constant maintenance, filter 
changes, and chemicals.

Instead of a custom WC system or Clivus Multrum Composting 
toilet, 2 semi-dry type bioreactors under the modified toilet 
bowls are installed in the basement, which is emptied once 
a year into compost pits. The system consumes 20 times less 
water than WC. Enriched with nitrogen fertilizers bio-liquid 
is collected in 20-l canisters and disposed of twice a month 
on the site. Gray water drains from the kitchen and bath are 
collected in 10 plastic tanks with a total volume of 7 m3. In 
winter, filled water tanks act as a passive heat accumulators. 
In spring and autumn, gray wastewater is pumped to an 
underground reservoir at the site to drain into the soil. Market 
local sewage treatment systems are too expensive (10–20% of 

the value of the house), require constant maintenance, and are 
unreliable in winter.

4.1.1.5. Heat System
Due to the good thermal insulation and high thermal inertia 
of the house, the heating system is based on three sources: 
expensive electrical energy, relatively cheap energy from a 
wood-burning water-jacketed fireplace (virtually stored solar 
energy), and free direct solar radiation through the windows. 
The heating system depends on electricity, so the house has 
a backup system of lead batteries to power the circulation 
pump. The house provides a temperature difference of 5 K per 
1 kW of heat energy. At an outdoor T = -30°C, heating power 
of 10 kW is required to maintain a comfortable temperature of 
20°C in the house. Solar radiation provides 0.5 kW, the rest of 
the heat is supplied by electricity and a fireplace in comparable 
shares. A heat accumulator in the form of a 200-liter tank 
with a Na2SO4 solution smooths out daily temperature 
fluctuations. In an open circuit, the heat from the water jacket 
of the fireplace is transferred by the circulation pump to the 
accumulator through a corrugated metal pipe. The forced 
heat distribution system in the house is severely limited due 
to the high thermal inertia and insulation. The temperature 
difference between the north and south sides of the house 
does not exceed 4 K and between floors - 3 K. Electricity is 
the most expensive heating source, but the choice of a gas 
heating system makes sense only in the case of access to the 
gas network at the design stage of the house. Considering the 
only item of expenditure in the eco-estate for electricity, as 
a result, the average monthly utility bill is 2–2.5 times less 
than in ordinary apartments per 1 m2. Collecting deadwood 
from forested areas and using it for heating is cheaper and 
more sustainable, provided that the surrounding forest is 
cleared of flammable material. Buying firewood in the market 
provides jobs in the province and sanitary felling in the forest, 
i.e., maintaining order in the environment. Wood ash in the 
amount of 200 kg per year is a free potassium fertilizer for the 
site (market value ~100 USD).

4.1.1.6. Ventilation
A forced ventilation system is required to reduce the CO2 
content in the air according to sanitary standards. A large 
volume of air in the house, along with indoor plants, allows 
for meeting the standards without ventilation. However, a 
simplified ventilation system is installed in the house. From 
the south side, air is taken at the level of the foundation and is 
fed into the house by a fan through pipes in the ground. This 
line is used in summer for ground heating with T ~10°C and 
passive air conditioning in the house by 3 K. In hot weather 
with T > 30°C, comfortable conditions are maintained in the 
house with T < 27°C. On the north side, a similar system is 
used to ventilate a closed box with bio-reactors and exhausts 
through a chimney. 
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4.1.2. Summary
The successful implementation of the pilot eco-estate project is 
associated with the following solutions: 1) semi-autonomous 
execution, 2) critical selection of compatible solutions, 3) 
conjugated passive systems, and 4) use of local resources and 
wastes for construction and maintenance. Success in the case 
of the implementation of the first pilot eco-house in a harsh 
climate on the unsuitable ground shows the prospects of mass 
construction of semi-autonomous eco-villages with less cost 
and better execution. DMG will quickly develop this huge 
market niche and expand to autonomous settlements.

4.2. Oxygen Membranes 
4.2.1. Introduction to ITM Technology
The pilot eco-estate project was implemented using a 
combination of simple compatible solutions. It can be 
assumed that one of the main reasons for the current general 
situation in the construction of individual houses is the 
narrow specialization of business, and earlier in the USSR - 
the sectoral division of the economy. The failures in energy 
membrane technology at astronomical R&D costs have the 
same reason. The creation of oxygen membranes is a complex, 
but the primarily interdisciplinary task that cannot be solved 
by traditional division into parts.

4.2.2. State of the Art
The use of Oxygen Selective Membranes (OSM) in the 
energy sector, in general, is described in the work [11], where 
estimates of the parameters of oxygen membranes for the 
viability of Ion-Transporting Membrane (ITM) technology 
are made. This direction is based on the recognition of 
the anthropogenic contribution to global warming due to 
CO2 greenhouse gas emissions. The three main routes for 
mitigation of CO2 emissions in electricity plants were defined 
as follows:

1. Post-combustion processes: CO2 is captured from the flue 
gases.

2. Pre-combustion processes: The fuel (natural gas or coal) is 
converted into hydrogen and CO2. The CO2 is separated, and 
hydrogen is combusted in a gas turbine.

3. Oxyfuel processes: Combustion is carried out using pure 
oxygen, resulting in a flue gas that mainly contains water 
(H2O) and CO2.

The authors also carried out economic evaluations of 
processes based on tubular self-supporting membranes at 
an oxygen flow of 10 ml/cm2min [11]. Well-known mixed 
ion-electron conductive (MIEC) LSCF and BSCF perovskites 
provide such oxygen flow at high temperatures T ~ 1000°C. 
For economic viability, SPOT should be smaller than five 
years, but estimates gave 17 and 11 years for large and small-
scale systems respectively. The calculations were made on the 
assumption that on the supply side the partial pressure of 
oxygen is 1 bar, and the fuel of the synthesis gas type is used 
as the sweep gas. This gap can be reduced by several factors: 
cheaper membranes, higher flux through the membranes, 
longer lifetime of the membranes, higher energy prices, and 
CO2 trading. Fluxes will have to be at least two to three times 
higher if this were the only option. However, over 40 years 
of MIEC perovskites research, their compositions have been 
optimized along with other aspects. CO2 trading remains the 

only tool to maintain the viability of ITM technology for the 
energy sector.

4.2.3. Global Warming and Related Phenomena
The hypothesis of anthropogenic contribution to global 
warming is not substantiated in the usual manner using 
independent experts. Moreover, global warming advocates 
confuse completely different concepts, global warming, climate 
change, and ecology. There is only one reliably established 
fact of an increase in the content of CO2 in the atmosphere 
in recent decades from 300 to 400 ppm. According to the 
study of Antarctic ice [12], the increase in the concentration 
of CO2 in the atmosphere in the last 800,000 years was due to 
warming, which is subject to the Milankovitch cosmic cycles.

The main absorbent of CO2 is the ocean. The relatively rapid 
increase in atmospheric CO2 concentration in recent decades 
has been due to slow absorption by ocean and vegetation. 
The ocean absorbs CO2 more slowly due to the decrease in 
pH of seawater. The acidification of seawater is caused by the 
absorption of SOx and NOx acid gases from the atmosphere. 
The peak emission of acid gases in coal-fired generation in 
2000 was 210 million TPY, and the total emission of CO2 
was about 40,000 million TPY [13]. In mass terms, CO2 is 
about 200 times more. However, the acidity of SOx and NOx 
is 5 or more orders of magnitude higher than that of CO2. 
The contribution of CO2 to ocean acidification is negligible 
(less than 1%) for any model of the dynamics of SOx and 
NOx oxidation. The emission of SOx and NOx in the 1980s 
led to noticeable changes on land, such as the destruction of 
structures, the oppression of many types of vegetation and 
living organisms, the increase in the acidity of the world's 
oceans, and other visible consequences like the death and 
oppression of coral reefs. Legislation to reduce SOx and NOx 
emissions has been adopted in many countries around the 
world, resulting in overall reductions in emissions. The most 
negative effect of acid rain is that acids accumulate in the ocean 
since there are no insoluble sea salts of sulfates and nitrates. 
Some algae can absorb S- and N-contained compounds more 
than others. It is a strong and abrupt intervention in the ocean 
ecosystem with negative results that will continue until a new 
equilibrium is established. 

4.2.4. Emission of Greenhouse and Acid Gases
CO2, water vapor H2O, and CH4 are greenhouse gases. An 
increase in CO2 content in the atmosphere unequivocally 
increases the yield of agricultural production. The negative 
impact of CO2 on the climate and ecology requires irrefutable 
evidence. Instead, several countries and organizations have 
decided to move to a carbon-free economy. This means a ban 
on coal energy and a focus on renewable energy sources (sun, 
wind, and hydropower). With a real shortage of conventional 
energy resources approaching, there is a real need to attract 
more renewable resources and reduce environmental 
problems. Coal combustion is indeed the main source of 
industrial solid wastes, which is located near most of the 
world's population. Solid wastes in the form of ash and slag 
contribute to the pollution of water sources and soil due 
to leaching [14]. However, the greatest harm to the global 
environment is caused by the emission into the atmosphere, 
together with the exhaust gases, of acid oxides SOx and 
NOx, volatile elements (Hg, As, etc), particulate matter, and 
aromatic organic compounds [6,8]. Restrictions in coal 
energy due to CO2 emissions look at least unreasonable. A 
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carbon-free economy and additional taxes for the carbon 
footprint require justification since it is known that the 
potential for CO2 natural emission from permafrost is 1670 
billion tons, while industrial emissions are only 8 billion tons 
[15]. Decarbonization of the economy is an unreasonable, 
expensive, and senseless program. Not to mention that 
The United Nations Human Settlements Program (UN-
HABITAT) considers climate change [16]. Indeed, quite 
recently, about 3–6 thousand years ago, mammoths and tigers 
lived in the zone of today's permafrost zone.

4.2.5. Errors in Mean Temperature Calculations
Concerning global warming, when industrial growth was 
observed, estimates of mean land temperature usage data from 
weather stations show a slight increase in T at a noise level of 
1–2 K in recent decades. However, the validity of using these 
data for climate assessments is highly questionable because 
there are at least three sources of systematic errors with a plus 
sign.

1) Weather stations are located very unevenly around the 
planet, but mainly in the places of residence of the population, 
and are intended for weather forecasts for several days. The 
inevitable heat contamination noticeably increases the local 
temperature. For example, the mean winter temperature in 
our site with an eco-estate is 3–5 K lower than in a city 30 
km away.

2) In the largest country in the world, the USSR, from 1987 
to 1989, the number of weather stations decreased by 15%. At 
the beginning of 1995, the decrease in the number was 22%. 
At the same time, the stations were closed in remote regions 
with cold climates, which happened in other places not only 
in Russia.

3) The share of the land on the planet is ~ 29%. If 18,000 years 
ago the level of the world's oceans was 110 m lower, then the 
coastline was much further than it is now. The air temperature 
near the coastline is higher than inland. Therefore, the 
approach of the ocean to weather stations increases measured 
T.

Moreover, an increase in the water surface on Earth leads to 
an increase in mean humidity and thus to an increase in the 
content of the main greenhouse gas. Measurements of the 
mean CO2 content in the atmosphere in ppm units are not 
difficult, and the data obtained are reliable and reproducible. 
On the contrary, it is extremely difficult to record the change 
in the content of water vapor against the background of their 
high content and strong P-T dependence.

4.2.6. CO2 Capture and Storage
The primitive argumentation of global warming 
by anthropogenic emissions of greenhouse gases is 
disproportionate to the proposed measures to create a 
carbon-free economy. In a paper by Congress Budget Office 
[17], the range of cost estimates for CO2 capture and storage is 
presented for different power plants and geo-structures. The 
mean cost of CO2 capture and storage is about ~50 USD/T. 
In such a case, burning 1 T of coal with a carbon content of 
80% will result in 3 T of CO2. The cost of coal in 2009–2019 
averaged 90 USD/T [18] and the cost of CO2 capture and 

storage was 150 USD/T. When CO2 is captured and stored, 
coal generation of electricity becomes meaningless. There 
are also doubts about the correctness of estimates of the 
cost of CO2 capture since residual acid gases quickly destroy 
expensive compressor equipment.

Risks of CO2 storage in underground geo-structures and 
oceans are underestimated. In the event of a leak, which can 
occur due to geological processes in the earth's crust, CO2 
collects in the lowlands and can lead to disaster. The violent 
potential for such CO2 disposal became clear in August 1986, 
when Lake Nyos in Cameroon erupted with a blast that some 
locals mistook for the testing of a nuclear weapon. As much as 
1 cubic kilometer of heavier-than-air CO2 flooded low-lying 
regions, suffocating more than 1,700 people [19]. 

4.2.7. OSM Based on δ-Bi2O3/Ag Cermet
4.2.7.1. History of Cermet Membranes
Based on cermet OSM from the best oxygen-ion δ-Bi2O3 
and electronic Ag conductors have maximum air separation 
potential at intermediate temperatures. These cermets were 
first studied in the works [20–23]. The published studies of 
the two groups were carried out on thick polished ceramic 
discs with Bi0.8Er0.2O1.5 (ESB) solid electrolytes. The Fluorite 
of this composition has high oxygen-ion conductivity, but the 
structure remains only for a few hours. Dense cermet samples 
with grain sizes of approximately 5–10 µm were obtained 
by the standard ceramic method with high-temperature 
sintering. A stable interpenetrating cermet structure was 
obtained only at a silver content of ~ 40 wt%, which greatly 
exceeds the percolation threshold. The obtained samples 
showed low permeability because the process was limited by 
the surface exchange reaction of oxygen at the contact line 
of gas, solid electrolyte, and silver. In addition, it was even 
concluded that the use of cermet membranes is fundamentally 
impossible due to their degradation [23]. In our work, it was 
also shown [24] that the preparation of dense nano-cermets by 
hot pressing with a grain size of ~ 50 nm from nano-powders 
of mechanochemical origin leads to rapid total degradation, 
even at low temperatures instead of the expected sharp 
improvement in properties. The total degradation of nano-
cermets includes phase degradation of a solid electrolyte with 
a fluorite structure, recrystallization, segregation of silver on 
the inner and outer surfaces of the cermet, and disappearance 
of the interpenetrating structure of the composite with loss of 
functional properties.

4.2.7.2. Areas of Our Studies
An analysis of a large amount of our data on the rapid 
degradation of nano-cermets of mechanochemical origin 
made it possible to link the cause of accelerated degradation 
with the specific features of mechanochemical powders. 
According to the theory of ultrafast mechanochemical 
synthesis in a binary mixture of oxide powders, which also 
describes the phenomenon of Mechanical Activation (MA) in 
the case of a single compound, high-energy ball milling at a 
loading intensity above the threshold leads to the formation of 
a dynamic state (D)* on the contacts of particles in the form of 
rollers from an atomic mixture of reagents. Relaxation of the 
dynamic state after loading under quenching conditions leads 
to the formation of products with a huge free volume of about 
10%. Direct measurements by Mössbauer spectroscopy, He 
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pycnometry, as well as by studying the shrinkage of powders 
showed a free volume of ~9% [25].

Our research includes the following:

1) Study of the mechanism of phase transformations in 
metastable fluorite δ-Bi2O3;

2) New compositions of compatible materials: solid 
electrolyte, electronic conductor, silver fillers, modified steel 
substrate, ceramic filler for substrate, and protective layer and 
catalyst for exchange reactions;

3) A new multilayer architecture of thin flexible membranes 
on a substrate;

4) New multilevel nanocomposites with a controlled 
interpenetrating and core-shell structure from compatible 
materials;

5) A smart oxygen membrane that provides a technically 
feasible transition from raw components to an operating 
membrane with an optimal architecture for energy 
applications with accommodation at all stages of the life cycle: 
fabrication of green membranes from specially developed 
materials under mild conditions without high-temperature 
sintering with inevitable shrinkage mismatch, preparation 
of membranes for operation with the formation of a selective 
layer, and operation mode with periodic fast regeneration.

4.2.7.3. Advantages and Issues of OSM Based on Cermet 
δ-Bi2O3  /Ag

Against the general background of failures in the development 
of ITM technology based on MIEC perovskites, the number 
of works on cermet membranes is disproportionately small. 
The research ended at the first stage of primitive disks. We 
believe that the creation of real OSM with sufficient durability 
is possible only as a result of understanding all the processes 
occurring in the system, including primarily the degradation. 
Optimism in the development and implementation of 
OSM in the energy sector has serious grounds. Indeed, the 
requirements of the DMG for membranes are incomparably 
softer than in the case of the traditional approach – oxy-fuel 
combustion in pure oxygen [11]. Table 1 and the issue sheet 
below represent our understanding of OSM to date [25–28].

The presented factors are interrelated and conjugated with 
each other. This once again proves that the complex task 
of creating a viable membrane cannot be solved by simple 
separation into parts.

Table 1: Advantages of OSM based on cermet δ-Bi2O3/Ag 
compared to perovskite membranes [11].
Option/property cermet MIEC perovskites
Operation 
temperature

~550 >800

Oxygen-ion 
conductivity

highest lower by 1-2 orders

Electronic 
conductivity

highest lower by 4-6 orders

Catalytic activity medium weak
Mechanic flexible brittle
Thickness of 
selective layer

10-20 µm 10-40 µm 

Support modified inox steel 
mesh

porous perovskite 
ceramics

Form flat tubular
Module assembly simple complex
Steel piping of 
membrane modules

cheep ~ 50% of the 
module cost 

Apparent Issues of OSM Based on Cermet δ-Bi2O3/Ag:

A. Metastable phase of disordered fluorite at T < 730°C;
B. Recrystallization and segregation of silver;
C. High permeability is achievable only in nano-cermet;
D. Nanomaterials are thermodynamically unstable;
E. Formation of free volume in ceramics during high-energy 

ball milling;
F. Chemical reactivity of Bi2O3;
G. P-T conditions of consolidation of the gas-tight selective 

layer are unacceptable for commercialization.

4.2.7.4. Phase Degradation of Metastable Disordered Fluorite 
δ-Bi2O3 (A+C+D+E)
The problem of phase degradation at low temperatures of 
disordered fluorite δ-Bi2O3, which is stable at T > 730°C, has 
long been known. According to XRD, when the phase changes 
are not yet noticeable, the deterioration of the conductive 
properties is already very significant [29].

At the same time, changes in the structure were observed 
by neutron [30] and electron diffraction [31]. We studied 
the mechanism of initial structural changes in dense fluorite 
ceramics by in situ HT XRD and found that the first stage of 
phase degradation begins on the surface without the formation 
of nuclei by the mechanism of spinodal decomposition [28]. 
The fluorite structure is elongated along the 111 axis due to 
the ordering of oxygen vacancies with the formation of a 
rhombohedral phase, S.G. R-3 [28,32]. At the initial stage, 
the process proceeds instantaneously for surface crystallites 
with the 111 faces oriented parallel to the surface. For surface 
crystallites with other orientations, the deformation process 
is slowed down, while for bulk crystallites, the kinetics is 
described by a root dependence on time, which indicates the 
influence of cationic diffusion—shown in Figure 10.
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Figure 10: Root time dependence of elongation along <111> axes of 

fluorite Bi0.78Er0.20Hf0.02O1.51 (2HESB) during annealing at 600 °C [25].

Mechanical stresses caused by the phase transformation of 

fluorite into a rhombohedral phase gradually relax through 

intergranular cationic diffusion. The process of ordering 

oxygen vacancies is reversible. Heating up to 640–700°C leads 

to complete and fast regeneration of the fluorite structure 

[28]. However, the inevitable changes in the morphology of 

the ceramic surface persist, as shown in Figure 11.

(a)

(b)

Figure 11: SEM images of 2HESB ceramics before (a) and after (b)

annealing at 600°C and rapid regeneration at 700°C [25].

With long exposure, the metastable fluorite gradually 

transforms into various stable phases depending on the 

composition: evident in the rhombohedral phase (S.G. R-3m), 

tetragonal phase consisting of fluorite-like layers linked by 

tetrahedra Hf4+O4, or other cations of medium and small size 

such as Fe3+ (S.G. P-4), cubic sillenite with small cations in 2a 

site (S.G. I23), which is shown in Figure 12 [28,33].

The regeneration of fluorite structure is possible by heating 

up to 820°C. However, such an operation is unacceptable 

for membranes since irreversible significant changes in the 

microstructure and architecture will lead to a deterioration 

of functional properties. For targeted inhibition of the 

ordering of oxygen vacancies and phase transformation into 

stable phases and different minor dopants of δ-Bi2O3 are 

required [28]. To inhibit the ordering of oxygen vacancies 

without significant deterioration of conducting properties, it 

is necessary to use small additions of highly charged cations 

like W6+ to the composition, mainly stabilized by dopants 

with high polarizability (Dy3+, Er3+). To inhibit the transition 

to stable phases, a composition of dopants is required that 

ensures equidistance from all three phases, as shown in Figure 

12. This can be achieved by optimizing the composition of the 

minor dopants and better homogenization of the fluorite to 

avoid nucleation. Fine-tuning of minor doping is in progress. 

However, the best composition in terms of phase stability 

relative to HESB has already been obtained while maintaining 

the conductive properties [28]. Note that the search is based 

on the principles of high-entropy ceramics and low diffusion 

activity of minor dopants.

Figure 12: Phase transformations of δ-Bi2O3.
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4.2.7.5. Recrystallization and Segregation of Silver (B+C+D+G)

Silver segregation is the second most important problem 

in cermet membranes. Sintering and recrystallization of 

nanoceramics in cermet during long-term operation of the 

membrane is inevitable at T ~ 500–600°C. Silver is a very 

plastic metal with a relatively low melting point Tm = 962°C. 

In such a case, silver with its high activity in recrystallization is 

additionally subjected to mechanical pressure with inevitable 

segregation on the inner and outer surfaces of the cermet, as 

shown in Figures 13 and 14.​​

Figure 13: SEM image of Ag crystals in cermets 60F/40(Ag@

LaCrO3) (a) and 60F/40(Ag@La0.5Y0.3Pr0.2Cr0.5Fe0.3Mn0.2O3) (b) after 

testing 500 h at 500°C (F = Bi0.76Y0.06Er0.08Tb0.08W0.02O1.5+x).

Figure 14: Arrhenius plot of grain size according to full profile 

analysis on the annealing temperature for cermet 60F/40Ag, F = 

Bi0.75Er0.23Pr0.02O1.5+x, surface Ags and volume Agv.

To preserve the cermet nanostructure and prevent silver 

segregation, we proposed the use of an Ag core-shell 

nanocomposite as an electronic conductor as an alternative, 

where ceramic fillers will act as the core [34]. Such a metal-

matrix composite with a rigid ceramic framework inhibits the 

processes of recrystallization and segregation in the case of 

good wettability of the components (Figure 13). The wetting 

theory between solids is absent, so the search for the optimal 

filler with good wettability of silver lasted about ten years. 

First, a weak correlation was found for the decrease in silver 

segregation in the insulator, semiconductor, and conductor 

series. Testing of a mixed conductor Bi0.8La0.2MnO3 with 

high oxygen activity [35] as a silver filler showed maximum 

segregation. At the next stage, perovskites with high 

electronic conductivity based on LaCrO3 were tested as silver 

fillers, which confirmed the correct direction of the search, 

as shown in Figure 13. After that, several materials with a 

relatively small variation in conductivity were synthesized 

with perovskite and CuMn2O4 spinel structure [25]. To 

quantitatively compare the wettability of silver with the best 

materials found [25,34], submicron silver particles were 

deposited from a charged aerosol on porous ceramics [9], 

which is shown in Figures 15–17.
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(a)

(b)

(c)

Figure 15: SEM images of spinel CuMn2O4 (a) and perovskite 
La0.7Y0.3Co0.5Fe0.3Mn0.2O3 (b-c)  with deposited Ag particles, (c) after 
annealing at 500°C.

(a)

(b)

Figure 16:(a) SEM images of spinel CuMn2O4 back side (b) and with 
deposited Ag particles after one-hour annealing at 500°C.

(a)

(b)

Figure 17: (a) HT XRD (top, *- peaks of Ag) and (b) EDS of 
CuMn2O4 ceramic disks with deposited Ag particles after annealing 
for one hour at 500°C.

Annealing in situ experiments by HT XRD made it possible 
to obtain the kinetics of the decrease in relative intensity 
of the main Ag peak (reverse wettability W-1 = IAg/Icer in 
perovskites and spinel). The data obtained unambiguously 
confirmed that the wettability of silver correlates with the 
electronic conductivity of ceramics, as illustrated in Figure 
18. The spinel ceramics at 500°C completely absorbed silver 
into the volume of the ceramic, so Ag was not detected by 
XRD and EDS, which is shown in Figure 17. Moreover, silver 
promoted the sintering of spinel, as shown in Figure 16. 
The dramatically improved wettability of silver by spinel as 
compared to perovskites should have an additional factor in 
conductivity. Close lattice parameters of spinel (a/2 = 4.16 Å) 
and silver (a = 4.09 Å) indicate possible topotaxy, described 
in Figure 19. Moreover, silver is actually a solid solution of 
oxygen in the Ag-matrix [36]. The perovskite structure with 
O-O distance ~ 2.75 Å has no structural correspondence with 
silver.

Figure 18: Dependence of the reverse wettability on the electronic 
conductivity of ceramics.
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Figure 19: Comparison of structures of perovskite (left) and spinel 
with silver (dark balls).

4.2.7.6. Interaction of δ-Bi2O3 with Ag (E+F)
The very idea of cermet of δ-Bi2O3/Ag is based on the absence 
of any chemical interaction between the components. In 
fact, silver is a solid solution of oxygen in the fcc lattice 
with Ag2O clusters on the surface. This feature of silver has 
been known since the 19th century and is widely used in 
medicine, pharmacology, catalysis, and other fields [37,38]. 
The chemical reaction of δ-Bi2O3 with Ag a priori has a very 
low rate because the concentration of Schottky defects in 
the crystal structure n/N ~ exp(-∆E/kT) is usually ~ 10-5. In 
addition, the ionic radius of Ag+ is much larger than that of Bi3+ 
(1.15 and 1.03 Å respectively for CN = 6). The incorporation 
of Ag+ into the fluorite lattice looks unlikely, so the process 
has not been studied. However, in nano-powders of a 
mechanochemical origin, the free volume (vacancy defects) in 
the lattice is ~ 10-1 according to the theory and experimental 
results [39–41]. Thus, high-energy ball milling, in addition to 
the possible direct mechanochemical interaction, accelerates 
thousands of times thermally activated chemical interaction 
of Ag2O surface clusters with bismuth oxide. In this case, the 
incorporation of Ag+ into the fluorite lattice becomes possible 
to observe by the powder XRD method, shown in Figure 20. 
Arrow 1 shows the result of mechanochemical synthesis, 2 
the annealing of free volume, and 3 the thermally activated 
chemical reaction.

Figure 20: Dependence of fluorite lattice parameter on the annealing 
temperature. Nanocomposite DEW2 + 10 wt% Ag after 10 min MA.

4.2.7.7. Interaction of δ-Bi2O3 with Pd, Pt (A+D+E+F)
In very thin membranes, surface exchange reactions limit 
oxygen permeability. Noble metals are known catalysts 
for exchange reactions. A strong influence of Pd on the 
recrystallization and segregation of silver was studied in our 
works [24,27], but chemical interaction was not observed, 
which is shown in Figure 21.

The dramatic effect of Pt on the phase composition of fluorite 
ceramics with similar compositions after calcining for one 
hour at 600°C is shown in Figures 22–24. In the DE ceramics 
stabilized without minor highly charged dopants, fluorite 
transforms into a tetragonal phase, rhombohedral phase, 
and fluorite with a small lattice parameter (a = 5.173 Å) close 
to Bi2O4 [42]. These results clearly indicate the oxidation of 
Bi3+ to Bi5+ in direct contact of Pt with fluorite. In the 2HESB 
sample, which is positioned as the most stable and conductive 
ceramics [43], the initial fluorite (a = 5.505 Å) practically 
disappears, transforming into fluorite with a small lattice 
parameter, sillenite, and a tetragonal phase. All three phases 
are formed due to the appearance of Bi5+ ions in a noticeable 
amount. The least significant changes are observed in the 
DEW2 ceramics with an increased oxygen content, shown in 
Figures 24 and 25.

Figure 21: SEM image of Ag crystals in original (right) and modified 
by Pd (left) surface of cermet Ag/Bi0.76Er0.22Pr0.02O1.51 after annealing 
at 650°C.

Figure 22: XRD pattern of ceramic disk DE with deposited Pt after 
annealing at 600°C. F- original DE fluorite with a = 5.524 Å (a = 
5.511 Å before annealing with Pt), f- fluorite with a = 5.173 Å, t- 
tetragonal phase (S.G. P-4), r- rhombohedral phase (S.G. R-32/m), 
*- catalyst Pt.
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Figure 23: XRD pattern of ceramic disk 2HESB with deposited Pt 
after annealing at 600°C. F- original fluorite with a = 5.505 Å, f- 
fluorite with a = 5.173 Å, t- tetragonal phase, s- sillenite, *- catalyst 
Pt.

Figure 24: XRD pattern of ceramic disk DEW2 with deposited Pt 
after annealing at 600°C. F- fluorite, t- tetragonal phase, *- catalyst 
Pt.

(a)

(b)

Figure 25: SEM images of ceramics 2HESB (a) and DEW2 (b) with 
deposited Pt after annealing at 600°C.

The formation of the tetragonal phase can be attributed to the 
appearance of Bi5+ cations, since annealing without platinum 
leads to the formation of sillenite, as shown in Figure 26.

The unique oxidizing ability of platinum is probably associated 
with Pt(Bi)O-clusters [44,45]. Note that platinum inclusions 
are always observed during the growth of sillenite crystals in 
Pt vessels [46]. The formation of clusters can explain all the 
observed results, shown in Figures 22–25, including strong 
change in ceramic morphology and Pt crystal formation 
at 600°C, i.e., at an unusually low T = 0.428 Tm, shown in 
Figure 27. The presence of bismuth in the catalyst not only 
improves the dissociation of molecular oxygen [35] but also 
increases the mobility of platinum atoms. The deposition 
of Pt electrodes was a common procedure for measuring 
conductivity in δ-Bi2O3 [47], but it was measured by us: it was 
one order of magnitude lower than with gold electrodes due 
to total degradation.

Figure 26: RT powder XRD patterns of MA powder pressed disks 
after heating up to 600 °C. *- peaks of fluorite, 1- DE (+ peaks of 
rhombohedral phase, S.G. R-3m), 2- DEH2 (+ peaks of tetragonal 
phase, S.G. P-4), 3- DEM2 (+ peaks of sillenite), 4- DET2 (+ peaks of 
sillenite), 5- DEW2 (+ peaks of sillenite).

Figure 27: SEM image of Pt crystals on the surface of 2HESB 
ceramics after annealing at 600°C.
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Pt(Pd) alloy with a synergy effect as a catalyst was planned 
to be used in thin oxygen membranes [26,27]. A sharp 
boundary between the modified and original regions in 
Figure 21 indicates a small distance ≤ 2 μm for the spillover 
effect. The obtained results confirm the need to create a thin 
protective porous layer between the catalyst and the selective 
layer in the membrane architecture to activate only spillover 
and jump-over effects in O2 dissociation without oxidation 
of Bi3+ and activation of bismuth mobility [26,34]. Moreover, 
the obtained results show the prospects of a Pt(Pd) catalyst 
with bismuth additives, including the increase of the oxygen 
activity and reduction of the cost of the catalyst, but this still 
maintains the risk of noble metal spreading.

4.2.7.8. Interaction of δ-Bi2O3 with Ceramic Fillers (A+E+F)
In the operating membrane architecture (Figure 28), bismuth 
oxide is in contact with ceramic fillers of Ag-alloy and 
substrate, and a protective layer as well. Long-time contact 
of δ-Bi2O3 at To with ceramic phases containing small cations 
(Fe3+, Co3+, etc) should lead to interdiffusion with subsequent 
phase degradation of fluorite to a tetragonal phase or 
sillenite. Study of this process and optimization of chemically 
compatible with Bi2O3 ceramic fillers are in progress.

4.2.7.9. Preparation of Nano-Powders (D+E+F+G)
Synthesis of nano-powders of membrane components, 
especially composites, requires the use of mechanical 
treatment. The grinding and mixing of powders are inevitably 
accompanied by contamination with materials of balls and 
jars. Usually, steel or agate balls are used in laboratory mills. 
Impurities like Fe3+ and Si4+ are most undesirable for δ-Bi2O3, 
even at the ppm level, since they promote the nucleation of 
stable tetragonal phase and sillenite. It can be assumed that the 
most suitable material for jars is YSZ ceramics and HfO2 for 
balls due to their high wear resistance and density. To produce 
nanocomposites, high-energy ball milling is practically the 
best technique when using nano-powders separation [48]. 
With such processing of nanomaterials, mechanochemical 
phenomena inevitably appear; therefore, the approach is 
called the Mechanochemical Ceramic Method (MCM) [40]. 
A semi-quantitative theory of ultrafast mechanochemical 
synthesis of complex oxides was developed in the 1990s [39]. 
The main provisions of the theory include the threshold 
nature of the interaction with the roller mechanism of mass 
transfer and the formation of compounds that have a huge 
free volume and belong to tolerant structural types. These 
provisions are also valid in the particular case of single-phase 
systems [40]. Mechanochemical nano-powders have a stable 
hierarchical structure: Nano-crystallites less than 100 nm with 
a free volume of up to 10%, aggregates with sizes < 2 µm and 
relative density RD ~ 0.80, and secondary agglomerates with 
sizes up to 100 µm and RD ~ 0.70 [9,40]. For the separation of 
agglomerated nano-powders, a new class of eco-engineering 
EMC was developed [7–9]. The operating principle of the 
EMC is based on the generation of charged aerosols (gas-
dusty plasma) and separation in external fields [7]. To obtain 
functional materials with better characteristics, the presence 
of free volume and other specific features of mechanochemical 
nano-powders are usually of negative importance. However, 
by eliminating the features, nano-ceramics of high quality can 
be obtained (fluorite δ-Bi2O3 in Figure 29).

Figure 28: Operating membrane architecture.

Figure 29: SEM image of a cleavage of Bi0.75Er0.23Pr0.02O1.5+x ceramics 
sintered at 600°C from fine fraction < 2 μm of MA nano-powder.

In the development of durable functional materials, the MA 
of solid-state processes makes it possible to detect and study 
degradation processes due to fast feedback. When developing 
technology, negative aspects can be eliminated by using the 
most appropriate methods and conditions that consider 
the threshold nature of mechanochemical phenomena. 
For example, a simple operation of annealing free volume 
in cermet nano-powders at T ~ 400°C before hot pression 
drastically reduces the rate of phase degradation [27]. As 
a result, nano-cermet with RD > 0.95 prepared from fine 
powder fraction successfully passed the phase durability test 
at 500°C for 500 hours, which is shown in Figures 21 and 22. 
MCM turned out to be quite suitable for the synthesis of metal 
matrix composites and alloys, but the average particle size is 
~10–30 µm. In this case, the synthesis of nano-cermets from 
fine fractions for four minutes of MA is already significant for 
the formation of a free volume in fluorite δ-Bi2O3. Preparation 
of nanocomposite powders with a minimum free volume in 
ceramic grains by grinding in a liquid medium in bead mills 
seems to be more promising. In this case, it is possible to avoid 
the occurrence of negative mechanochemical phenomena and 
immediately obtain a paste for deposition to the substrate.

4.2.7.10. Smart Oxygen Membrane (A+B+C+D+G)
The creation of an operating membrane obviously requires 
the chemical and physical compatibility of the contacting 
materials. However, this is not enough to develop a viable 
technology. To obtain a gas-tight selective layer from a fine 
fraction of cermet nano-powder, the required pressure is P 
= 0.5 – 1 GPa at T = 350 – 400°C, which is quite difficult to 
achieve for a membrane with a diameter of 20 mm, which is 
shown in Figure 30.
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Figure 30: SEM image of nano-cermet 60F/40Ag after HP at 1 GPa 
and 350°C.

A smart membrane means its variability at different stages of 
the roadmap, ensuring the transition from the original powders 
to the operating membrane with technologically feasible 
parameters. The main role is played by a two-level metal-
matrix nanocomposite with a core-shell structure instead of 
silver in conventional cermet. For instance, nanocomposite 
Ag0.7Cu0.3@(CuMn2@CuMn2O4)(La0.7Y0.3Co0.5Fe0.3Mn0.2O3) 
performs several functions. Ceramic fillers make it possible 
to obtain powders of heterogeneously doped alloys with a 
smaller particle size during grinding, as shown in Figure 31.

(a)

(b)

(c)

Figure 31: SEM image of powders after mechanical alloying: (a) 
Ag0.7Cu0.3, (b) Ag0.7Cu0.3@ La0.7Y0.3Co0.5Fe0.3Mn0.2O3, (c) Ag0.7Cu0.3@
CuMn2O4.

The alloy Ag0.7Cu0.3 simultaneously reduces the silver content 
of the cermet and the cost of the membranes. The increased 
ductility of the alloy due to the lowered Tm = 820°C (in Ag 
Tm = 962 °C) reduces the hot consolidation pressure, despite 
the lowered Ag content in the composite and heterogeneous 
doping with ceramics. The high wettability of ceramic 
nano-sized fillers, including spinel and perovskite, provides 
a rigid framework in the metal matrix that inhibits silver 
recrystallization and segregation. CuMn2 alloy is oxidized 
at T ~ 600°C. The formation of spinel CuMn2O4 with high 
wettability to silver also leads to dilatation of the metal 
matrix. The content of the alloy determines the allowable 
porosity of the cermet after hot consolidation. According to 
rough estimates, at 10 wt% CuMn2 alloy content, the cermet 
porosity after oxidation will decrease and the relative density 
will increase by ~ 0.05, which allows halving the pressing of 
hot consolidation to 250 MPa at T = 400°C. CuMn2O4 spinel 
is capable of absorbing CuO in a significant amount, which 
occurs during the oxidation of copper in a silver alloy Ag0.7Cu0.3. 
Moreover, the conductive properties of Cu1.33Mn1.67O4 spinel 
even increase [49,50].

An important position of a smart membrane is the mode of 
operation. With the stability of fluorite reaching 1,000 hours 
at 600°C [43], the required durability of membranes in DMG 
of 8,000 hours at To ~ 550°C can be achieved by periodic fast 
regeneration—7 times at 640°C [28].

4.2.7.11. Optimal Operation Temperature To (A+B+C+D+F)
The optimal operating temperature of the OSM is the most 
important parameter of the ITM technology. A diagram 
of multidirectional factors that determine the choice of a 
narrower range of To is shown in Figure 32. The membrane 
regeneration temperature is substantiated by the maximum 
thermal effect at 640°C, caused by the disordering of oxygen 
vacancies [51]. Membrane durability testing is a difficult task 
with slow feedback, so the accuracy of predictions To is very 
important.

Figure 32: General diagram for determination optimal To for 
cermet. B- conductivity; C- rate recrystallization of fluorite, a. u.; 
D- probability of nucleation of stable phases, a. u.; E- rate of oxygen 
vacancy ordering, a. u.; blue area – fluorite stability field; green area 
– likely range of optimal To for IT membrane.
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It can be assumed that the strongest factor, the probability 
of nucleation of stable phases, is the most unpredictable. 
However, the technology of synthesis is of decisive importance, 
especially the homogeneity of the doping. This conclusion 
is based on a significant difference in the phase stability of 
hafnium-doped fluorite obtained in [28,43], shown in Figure 
26.

4.2.7.12. Assessing the Viability of ITM Technology Based on 
Cermet for DMG
The price of the first membrane is determined by the cost 
of materials and fabrication: Cmem = Cmat + Cfab. When 
implementing DMG with the collection of used membranes 
and recycling of materials, the cost will tend to C∞ = Crec + Cfab. 
At the same time, the cost of recycling membranes with the 
extraction of expensive elements for re-production is expected 
to be Crec << Cmat. Due to the absence of losses of rare elements 
in the streamlined industrial production of membranes, their 
low content in the earth's crust will not become a deterrent to 
the development of DMG.

The calculations will be made with the following parameters: 
1) m-TPP from two reactors with thermal power of 13 MW 
(electric power of ~3.9 MW), consuming 1 kg of fuel per 
second at 50% carbon content in the fuel. The oxygen demand 
is 1.33 kg/s, of which 0.84 kg/s falls on the membranes, and 
the rest is from the air, as shown in Figure 2. The flow of 
oxygen from the membranes is assumed to be 3 ml/min.cm2 
(2.38.10-4 kg/s.m2), which is a real value, taking into account 
the small thickness of the membranes and the use of the 
best Pt(Pd) catalysts for the exchange reactions. Such a flow 
is provided by perovskite membranes at To ~ 750°C [11], at 
which acceptable durability can be expected. The membrane 
surface will be 3530 m2. The cost of reagents is estimated 
according to the architecture of the membrane shown in 
Figure 28 and Table 2.

Table 2: Approximate cost of basic reagents per 1 m2 of 
membrane on a substrate with a selective layer thickness of 
10 µm.

Reagent Content 
in 

earth's 
crust, 
ppm

Reserves, 
103 T

Content 
for 1 
m2, g

Cost, 
USD/g

Cost

Ag 0.1 400 17 1 17
Pd 0.01 - 0.05 84 4
Pt 0.2 76 0.05 37 2
Bi2O3 0.1 130 50 0.1 5
Co3O4 20 56000 50 0.2 10
Dy2O3 4 7 0.2 1.4
Er2O3 3 7 0.4 1.4
Total ~40

The cost of expensive reagents is ~40 USD/m2. The cost of 
membrane fabrication is still difficult to estimate. However, 
the choice of continuous technology for the membrane 
fabrication on a 10 cm wide steel mesh substrate guarantees 
a low price in mass production. One continuous line at 
a speed of 5 mm/s will provide production of 15,000 m2/
year. The assembly of flat membranes into large modules is 
incomparably simpler than tubular ones [11]. For estimates of 
Cfab, one can take a deliberately overestimated 10-fold cost of 
Cmat, considering that the cost of the first membrane Cmem is ~ 
400 USD/m2. When reaching the stationary level of the DMG 
market (~7% electric power), the cost of membranes will be 
almost completely determined by the cost of fabrication, C∞ 
= Crec + Cfab ~ Cfab. It is very important to note that the cost 
of membranes will not depend on fluctuations in market 
prices for reagents due to the circulation of rare elements 
within the DMG technology. For comparison, the cost of 1 
m2 of hydrogen membrane NR211 DuPont NAFION without 
supported noble metal catalysts is 2500 USD/m2, and for the 
viability of perovskite technology, the cost of membranes 
should be below 1500 USD/m2 [11]. For the first m-TPP, the 
price of membranes is estimated at ~1,000,000 USD with a 
deliberately overestimated cost of fabrication.

Full implementation of DMG is achieved with the launch of 
10,000 m-TPPs. For this, 600 T of Ag, 1.77 T of Pd, 1.77 T of 
Pt, 1765 T of Bi2O3, and 1765 T of CoO will be consumed. The 
most significant share falls on Bi2O3 - 1.36% of world reserves. 
For other elements, DMG would require a tiny fraction of the 
world's reserves to realize its full market potential.

4.2.7.13. Summary of Cermet Membranes
Most of the significant problems with the development of 
membranes are solved today. Positive changes can be seen 
when compared with earlier works [52]. The use of MA 
in research has made it possible to reveal slow and hidden 
processes and understand the degradation. This is the most 
important thing in the development of durable membranes 
for energy applications. More research is needed to find 
a suitable technique for nano-milling of nano-cermets 
in a liquid medium to avoid a formation of free volume in 
ceramics, preparation and deposition of supported Pd, Pt-
catalyst, further optimization of Ag-filler compositions to 
reduce interdiffusion, and degradation rates of fluorite. In 
addition, the investigation of rapid thermal treatment (laser 
heating and electron irradiation) of raw membranes for 
the continuous fabrication of membrane sheets is only the 
start. The technical problems of sealing cermet membranes 
and assembly of membrane modules have not yet been 
solved, but there is experience gained in the development 
of other devices (SOFCs). Membrane assembly is practically 
the last technological operation before durability testing 
with subsequent applications. We have participated in 
mainstream research of oxygen membranes for Catalytic 
Membrane Reactors (CMR) and SOFC [32,53–59]. Such 
devices are still proposed in numerous energy reviews aimed 
at decarbonization [60–63]. Despite the progress made in 
creating tubular CMR with a multilayer architecture based 
on MIEС perovskites, we stopped research in this direction 
due to the impossible scaling of the technology related to 
complicated assembling. All the numerous energy review 
papers on the combustion of fuel in an oxygen atmosphere 
with carbon dioxide sequestration gloss over insurmountable 
problems such as scaling or degradation and the scarcity of 
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resources (noble metals, REE, etc). In our case, it is especially 
important to note that due to the potentially low cost of 
continuous fabrication of thin flat membranes, there is a 
significant possibility to increase the durability of membranes 
by lowering To below 550°C. In this case, the decrease in 
the specific productivity of membrane modules is easily 
compensated by an increase in their surface.

5. Conclusions
Global challenges such as environmental pollution, 
social inequality, lack of energy, and other resources have 
conjugated and balanced scientific and technical depoliticized 
solutions. The UN-HABITAT program can make a significant 
contribution to sustainable development. The synergistic 
combination of eco-settlements and DMG based on IT 
OSM cermet technology fully meet modern challenges. 
A successfully implemented pilot project of a semi-
autonomous eco-estate with a two-fold reduction in capital 
and maintenance costs in a harsh climate shows the prospects 
for the mass dissemination of eco-villages. The development 
of autonomous eco-settlements based on DMG provides an 
opportunity for reasonable de-urbanization, which reduces 
the fragility of the modern complex structure of the economy 
and society, along with the preservation of the environment 
and the efficient use of all types of resources, including sun 
and wind energy. Membrane-based technology for pulverized 
solid fuel combustion in an oxygen-enriched atmosphere 
can ensure the rational use of practically unlimited natural 
carbon resources (coal, shales, etc.). Understanding physical 
and chemical processes, especially membrane degradation, 
allows for formulating solutions for the development and 
implementation of IT OSM technology. Optimization of the 
composition of metastable fluorite by minor dopants and 
replacing silver in δ-Bi2O3/Ag cermet with a metal-matrix 
composite makes it possible to realize the ideas of a smart 
membrane with reduced cost, increased durability, and 
technical feasibility. The complex problem of recrystallization 
and segregation of Ag in cermet, leading to the total 
degradation of membranes, is solved by heterogeneous doping 
of silver with Cu, Mn-spinel, which has excellent wettability 
due to the high electronic conductivity of ceramics and 
topotaxy. The natural resources of rare elements are sufficient 
for the full implementation of DMG. Moreover, some rare 
volatile elements can be collected in significant quantities.
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