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Abstract - The thermolysis step of the Copper–Chlorine (Cu–Cl) thermochemical cycle is central to the cycle's efficiency in producing
hydrogen at moderate temperatures. In this step, copper oxychloride (Cu₂OCl₂) decomposes into copper(I) chloride (CuCl) and oxygen
gas. This paper provides a comprehensive evaluation of the properties of CuCl formed during thermolysis, with a focus on its chemical,
thermal, physical, mechanical, and kinetic behavior. Key properties such as thermal and chemical stability, phase retention, reactivity
with reactor materials, and particle characteristics are analyzed in relation to their impact on reactor design, process efficiency, scalability,
and safety. Thermal properties such as specific heat, conductivity, and diffusivity support efficient energy management, while its kinetic
profile ensures rapid and controlled formation under industrial conditions. The findings highlight how these properties not only influence
the immediate efficiency of the thermolysis step but also affect the downstream electrolysis stage and overall cycle integration. This
paper serves as a materials-based framework for optimizing CuCl handling in large-scale hydrogen production systems.
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1. Introduction
Hydrogen is increasingly viewed as a key enabler of a clean energy future, particularly when produced through low-

emission or renewable pathways. Among the various methods under development, thermochemical water-splitting cycles
have gained significant attention due to their potential for high efficiency and compatibility with nuclear or solar thermal
heat sources. The Copper–Chlorine (Cu–Cl) thermochemical cycle is one of the most promising of these, operating at
moderate peak temperatures (~530 °C) compared to other cycles, and offering high theoretical efficiency for hydrogen
production [1], [2], [3], [4], [5].

A crucial stage within the Cu–Cl cycle is the thermolysis step, where copper oxychloride (Cu₂OCl₂) decomposes into
molten copper(I) chloride (CuCl) and oxygen gas (O₂). Given that the thermolysis process operates at approximately 530 °C
and the melting point of CuCl is around 430 °C, the CuCl product will be in a molten state. Molten CuCl exits the
thermolysis reactor, proceeds to an intermediate heat exchanger that recovers heat, resulting in a phase transition to solid,
and thereafter advances to the electrolyzer for the electrolysis of the aqueous HCl/CuCl mixture. CuCl, the product of this
step, is not only integral to closing the oxygen loop of the cycle but also serves as a direct input to the electrolysis stage where
hydrogen is generated. As such, understanding the material behavior of CuCl under thermolysis conditions is essential for
optimizing reactor design, product recovery, energy integration, and safety [6], [7], [8], [9].

Despite the central role CuCl plays in the Cu–Cl cycle, detailed evaluations of its chemical, thermal, physical,
mechanical, and kinetic properties remain limited in the literature. Many existing studies focus on system-level modeling or
the hydrolysis/electrolysis steps, often overlooking the specific behavior and performance requirements of the thermolysis
products. This paper addresses that gap by presenting a comprehensive review of the material properties of the solid CuCl as
they pertain to the thermolysis step. The aim is to consolidate data on CuCl’s stability, reactivity, heat transfer behavior,
handling characteristics, and formation kinetics to inform the development of more efficient and scalable hydrogen
production systems.
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2. Properties of Solid Copper(I) Chloride (CuCl)
2.1 Chemical Properties

In the Cu–Cl thermochemical cycle thermolysis step, Cu₂OCl₂ decomposes at ~500–530 °C to form molten CuCl and O₂
gas. CuCl’s melting point is about 426–430 °C under standard conditions. At the thermolysis reactor temperature (~530 °C),
CuCl is technically above its normal melting point, so thermodynamically it should melt. However, in practice, CuCl can
partially remain as a solid because it’s continuously produced in a solid matrix as the decomposition occurs. Reaction
conditions such as partial pressures and kinetics can delay or limit melting. In many lab and pilot studies, CuCl is handled as
a solid after thermolysis because it cools and solidifies quickly in downstream separation.

CuCl’s thermal stability up to ~430°C, high purity (>99%), and low reactivity with reactor materials ensure its integrity
as a solid product for electrolysis [6], [7], [10], [11]. Its direct formation, low toxicity with dust containment needs, and
minimal side reactions simplify handling, maintain reactor longevity, and enhance safety and process reliability [12], [13].

2.1.1. Thermal Stability:
Copper(I) chloride (CuCl) exhibits thermal stability as a solid up to approximately 430°C, above which it begins to

disproportionate or volatilize under certain conditions, but remains stable during the thermolysis step at 500–530°C due to
the reaction’s rapid kinetics and controlled environment [6], [14], [15]. As a product of the decomposition of Cu₂OCl₂, CuCl’s
stability ensures it remains in the solid phase during the reaction, facilitating its collection and transfer to the electrolysis
step. This stability prevents premature decomposition or side reactions, such as oxidation to CuCl₂ or disproportionation to
Cu and CuCl₂, which could reduce process efficiency. CuCl’s predictable chemical behavior under thermolysis conditions
supports consistent reaction outcomes and minimizes contamination of the oxygen gas byproduct. This property is critical
for maintaining the integrity of the Cu-Cl cycle, ensuring CuCl is available in high purity for subsequent reactions. The
thermal stability of CuCl also simplifies reactor design by reducing the need for additional controls to manage side reactions,
making it suitable for industrial-scale applications where reliability and efficiency are paramount [1], [16], [17].

Importance in the Cu-Cl Cycle
1. Process Efficiency: Thermal stability ensures CuCl remains solid and chemically intact, maximizing its yield and

availability for the electrolysis step [1].
2. Product Purity: Prevents side reactions, ensuring high-purity CuCl and O₂, critical for downstream processes and

cycle efficiency [7].
3. Simplified Reactor Design: Stable behavior reduces the need for complex controls to manage side reactions,

lowering design and operational costs [18].
4. Operational Reliability: Predictable stability supports consistent reaction outcomes, enhancing process reliability

in large-scale systems [6].
5. Energy Optimization: Minimizes energy losses from unintended reactions, optimizing the use of thermal energy

inputs [7].
6. Safety Assurance: Reduces risks of unexpected reactions, enhancing worker and equipment safety during high-

temperature operations [12].

2.1.2. Purity and Phase Composition:
CuCl forms as a cubic crystalline solid with a zincblende structure, typically achieving a purity exceeding 99% in the

thermolysis step, provided the reaction conditions are tightly controlled [10]. High purity is essential to prevent impurities,
such as residual Cu₂OCl₂ or CuCl₂, from interfering with the electrolysis step, where CuCl is a key reactant. The well-defined
crystalline structure ensures uniform physical and chemical properties, supporting consistent handling and reactivity in
subsequent processes. Impurities can lead to side reactions, reduced yields, or equipment fouling, complicating reactor
maintenance and increasing costs. The high purity and stable phase composition of CuCl enable efficient separation from the
gaseous O₂ byproduct, simplifying product recovery. This property is critical for maintaining the efficiency and scalability
of the Cu-Cl cycle, ensuring CuCl meets the stringent requirements of downstream processes in industrial hydrogen
production [1].
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Importance in the Cu-Cl Cycle
1. High Yield Maintenance: High purity ensures maximum CuCl availability for electrolysis, optimizing hydrogen

production efficiency [1].
2. Downstream Compatibility: Pure CuCl prevents side reactions in electrolysis, ensuring process efficiency and

product quality [7].
3. Equipment Longevity: Reduced impurities minimize fouling, extending reactor lifespan and lowering maintenance

costs [19].
4. Consistent Behavior: The cubic crystal structure supports uniform handling and reactivity, enhancing process

reliability [10].
5. Efficient Separation: High purity simplifies CuCl separation from O₂, reducing operational complexity and costs

[7].
6. Safety Enhancement: Minimized impurities reduce risks of unexpected reactions, improving operational safety

[12].

2.1.3. Chemical Stability:
CuCl is chemically stable under the inert or controlled conditions of the thermolysis step, showing low reactivity with

atmospheric gases or reactor materials at 500–530°C [6]. This stability prevents oxidation to CuCl₂ or other side reactions
during its formation and handling, ensuring the integrity of the Cu-Cl cycle. CuCl’s low reactivity with common reactor
materials, such as quartz, alumina, or ceramics, minimizes corrosion or contamination, preserving reactor components and
product purity. The stability allows for safe storage and transfer of CuCl to the electrolysis step without degradation, reducing
energy losses and operational risks. This property is vital for large-scale applications, where unstable products could lead to
process disruptions or safety hazards. CuCl’s chemical stability supports consistent process performance, enabling efficient
integration with high-temperature heat sources and enhancing the scalability of the Cu-Cl cycle for industrial hydrogen
production [7].

Importance in the Cu-Cl Cycle
1. Safe Handling: Chemical stability ensures safe storage and transfer, reducing risks of degradation and ensuring

worker safety [6].
2. Product Purity: Low reactivity prevents contamination, maintaining high-purity CuCl for electrolysis [7].
3. Reactor Durability: Minimized interactions with reactor materials extend equipment lifespan, reducing

maintenance costs [1].
4. Energy Efficiency: Prevents energy losses from side reactions, optimizing thermal energy utilization [7].
5. Process Reliability: Consistent stability supports predictable performance, critical for industrial-scale operations

[1].
6. Safety Assurance: Reduces risks of hazardous reactions, enhancing operational safety for workers and equipment

[12].

2.1.4. Reactivity with Other Materials:
CuCl exhibits low reactivity with typical reactor materials, such as quartz, alumina, zirconia, and ceramics, at the

thermolysis temperature of 500–530°C [7]. This inert behavior prevents corrosion, fouling, or secondary reactions that could
degrade reactor components or contaminate products. The low reactivity ensures that CuCl does not interact with the reactor
environment, maintaining its purity and the quality of the oxygen gas byproduct. This property simplifies the selection of
reactor materials, allowing the use of standard refractory ceramics without specialized coatings, reducing construction costs.
The inert nature of CuCl is particularly valuable in large-scale systems, where long-term stability is critical for operational
reliability. By minimizing material interactions, CuCl supports efficient reactor maintenance, high process stability, and safe
operation, making it a key factor in the design and scalability of the Cu-Cl cycle for industrial hydrogen production [1].
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Importance in the Cu-Cl Cycle
1. Reactor Longevity: Low reactivity prevents corrosion, extending equipment lifespan and reducing replacement

costs [7].
2. Product Quality: Minimized interactions ensure high-purity CuCl and O₂, critical for downstream processes [1].
3. Operational Stability: Reduced fouling maintains consistent reactor performance, minimizing disruptions [18].
4. Cost Efficiency: Lower maintenance needs reduce operational costs, enhancing economic viability [7].
5. Safety: Prevents hazardous material interactions, reducing risks of equipment failure or incidents [12].
6. Simplified Design: Inert behavior supports the use of standard materials, simplifying reactor construction [7].

2.1.5. Formation and Decomposition Pathway:
CuCl is formed directly as a solid product during the thermolysis step through the decomposition of Cu₂OCl₂, following

the reaction: Cu₂OCl₂(s) → 2CuCl + ½O₂(g), without forming intermediate phases or significant byproducts [20]. This
straightforward formation pathway ensures high yield and purity, simplifying product recovery and separation from the
gaseous O₂. CuCl remains stable as a solid under thermolysis conditions, avoiding decomposition or disproportionation
unless exposed to temperatures significantly above 530°C or oxidizing environments. The direct pathway supports consistent
reaction kinetics, enabling precise control over the thermolysis process. This property is critical for maintaining process
efficiency and integrating with high-temperature heat sources, such as nuclear or solar thermal energy. The predictable
formation of CuCl enhances the scalability of the Cu-Cl cycle, reducing the risk of process disruptions and ensuring reliable
operation in industrial settings [1], [21].

Importance in the Cu-Cl Cycle
1. Simplified Process Design: Direct formation eliminates the need for additional separation steps, streamlining the

thermolysis process [7].
2. High Efficiency: Predictable formation ensures maximum CuCl yield, optimizing hydrogen production efficiency

[1].
3. Energy Savings: Avoiding side reactions reduces energy losses, enhancing process efficiency [19].
4. Reactor Stability: Consistent formation supports stable operation, minimizing performance fluctuations [18].
5. Scalability: The straightforward pathway facilitates industrial-scale operations, ensuring consistent performance

[1].
6. Safety: Reduced risk of unexpected reactions enhances operational safety [12].

2.1.6. Toxicity and Chemical Handling:
CuCl has low toxicity, but handling requires precautions to prevent dust inhalation, which can cause respiratory irritation

[12]. Proper containment, such as sealed transport systems and ventilation, is essential to ensure safe storage, transfer, and
processing. These measures protect workers and prevent dust accumulation that could foul reactor components. The low
toxicity simplifies safety protocols compared to more hazardous materials, but careful handling is still critical to maintain
compliance with occupational health standards. Effective handling preserves CuCl’s integrity, ensuring it remains suitable
for the electrolysis step. This property is vital for large-scale applications, where safe and reliable material handling is
necessary to minimize operational disruptions and costs. CuCl’s low toxicity and manageable handling requirements enhance
the scalability and safety of the Cu-Cl cycle for industrial hydrogen production [7].

Importance in the Cu-Cl Cycle
1. Worker Safety: Low toxicity with proper containment minimizes health risks, ensuring a safe working environment

[12].
2. Equipment Protection: Dust control prevents fouling, extending reactor lifespan and reducing maintenance [7].
3. Regulatory Compliance: Safe handling ensures adherence to health standards, avoiding legal issues [12].
4. Operational Continuity: Minimized health or equipment issues reduce downtime, maintaining process performance

[7].
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5. Cost Efficiency: Reduced health risks and maintenance lower operational costs, improving economic viability [12].
6. Process Reliability: Proper handling preserves CuCl integrity, ensuring consistent performance in electrolysis [1].

2.2. Physical Properties
CuCl, with a density of ~4.14 g/cm³, particle size of 50–200 μm, and white to pale gray color, supports efficient reactor

packing, fluidization, and visual purity monitoring [1], [8], [10]. These properties ensure smooth collection and transfer to
electrolysis, optimize heat transfer, and reduce maintenance, enhancing process scalability and efficiency.

2.2.1. Phase Behavior:
CuCl remains a solid at the thermolysis temperature of 500–530°C, with a melting point of approximately 430°C, but

under controlled reactor conditions, it does not melt due to rapid cooling or inert atmospheres [10]. This phase stability
ensures CuCl can be handled as a solid product, facilitating its collection and transfer to the electrolysis step without
complications from melting or sublimation. The solid phase supports efficient separation from gaseous O₂ and simplifies
material handling in fluidized or packed-bed reactors. This property eliminates the need for specialized equipment to manage
molten materials, reducing reactor design complexity and costs. The phase stability of CuCl ensures consistent physical
behavior, supporting uniform reaction conditions and high process reliability. This characteristic is critical for industrial-
scale applications, where solid handling systems are standard, enhancing the scalability and efficiency of the Cu-Cl cycle for
hydrogen production [7], [22], [23].

Importance in the Cu-Cl Cycle
1. Efficient Handling: The solid phase enables straightforward collection and transport, reducing operational

complexity [7].
2. Simplified Reactor Design: Avoiding melting simplifies reactor design, lowering costs and facilitating industrial

implementation [18].
3. Process Stability: Solid-state stability ensures consistent conditions, enhancing process reliability [10].
4. Energy Efficiency: Eliminates energy needs for managing phase changes, optimizing heat utilization [1].
5. Safety Assurance: Prevents fouling from molten material, reducing equipment damage risks [12].
6. Scalability: Solid handling supports large-scale reactor designs, ensuring consistent performance [7].

2.2.2. Density:
CuCl has a density of approximately 4.14 g/cm³ at 550°C, influencing reactor fill volume and heat distribution during

the thermolysis step [10], [11], [13]. This high density allows for compact reactor loading, optimizing space utilization and
enabling efficient processing. In fluidized or packed-bed reactors, CuCl’s density ensures stable particle flow and uniform
heat transfer, critical for consistent reaction outcomes. The density supports efficient heat retention, reducing energy losses
during handling. Proper management of density prevents issues like channeling, ensuring reliable operation. This property is
essential for designing reactors that balance throughput and efficiency, making it vital for laboratory and industrial-scale
hydrogen production. CuCl’s density enhances scalability, supporting consistent performance in large-scale systems [18],
[24].

Importance in the Cu-Cl Cycle
1. Optimized Reactor Design: High density maximizes reactor capacity, ensuring efficient space use [18].
2. Uniform Heat Distribution: Dense particles promote consistent heat transfer, improving reaction efficiency [7].
3. Fluidization Efficiency: Density supports stable fluidization, reducing energy losses and ensuring smooth flow

[18].
4. Efficient Transport: High density minimizes blockages, enhancing operational continuity [7].
5. Process Scalability: Density data supports scalable reactor designs, ensuring consistent performance [1].
6. Safety Enhancement: Proper density management prevents overloading, reducing equipment failure risks [12].
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2.2.3. Particle Size:
CuCl particles, typically ranging from 50–200 μm after thermolysis, determine surface area and handling characteristics,

impacting transport and downstream processing [1]. Smaller particles increase surface area, facilitating heat transfer during
formation and cooling, but require controlled handling to prevent dusting. The particle size range ensures efficient flow in
fluidized beds, preventing agglomeration or uneven flow. This property influences the efficiency of CuCl collection and
transfer to electrolysis, supporting continuous operation. Optimizing particle size balances handling practicality with process
efficiency, making it critical for industrial applications. CuCl’s particle size enhances scalability, ensuring reliable
performance in large-scale systems [19].

Importance in the Cu-Cl Cycle
1. Enhanced Handling: Controlled particle sizes improve transport efficiency, boosting process productivity [19].
2. Efficient Heat Transfer: Smaller sizes ensure uniform cooling, reducing energy losses [18].
3. Smooth Flow: Optimal sizes prevent blockages, ensuring continuous operation [7].
4. Process Optimization: Balanced particle sizes enhance handling and efficiency, optimizing performance [1].
5. Scalability: Consistent sizes support scalable designs, ensuring reliable performance [18].
6. Safety Assurance: Reduced dusting protects workers and equipment, maintaining safety [12].

2.2.3. Color:
CuCl exhibits a white to pale gray color, serving as a visual indicator for material identification and purity monitoring

during the thermolysis step [10]. This distinct color allows operators to verify CuCl’s presence and detect impurities, such as
CuCl₂ (greenish), ensuring quality control. The visual cue simplifies process monitoring, reducing the need for complex
analytical tools and enhancing operational efficiency. CuCl’s color remains stable under thermolysis conditions, supporting
reliable identification. This property is critical for large-scale systems, where rapid anomaly detection is essential, enhancing
process reliability and safety [7].

Importance in the Cu-Cl Cycle
1. Quality Control: The color ensures correct material identification, preventing processing errors [7].
2. Purity Monitoring: Color changes indicate impurities, enabling prompt adjustments [10].
3. Operational Efficiency: Visual cues reduce analytical needs, minimizing downtime [1].
4. Safety Assurance: Prevents use of contaminated materials, reducing reaction risks [12].
5. Process Reliability: Consistent color ensures material integrity, supporting performance [7].
6. Cost Efficiency: Simplified monitoring reduces operational costs [19]

2.2.4. Particle Form and Cohesion:
CuCl forms cubic crystalline particles due to its zincblende crystal structure, with moderate cohesion resulting from

interparticle forces, influencing flowability in fluidized or packed-bed reactors [2]. The cubic form ensures uniform physical
behavior, promoting consistent fluidization and efficient collection, while moderate cohesion aids particle flow but requires
containment to prevent clumping or blockages, especially under high-temperature conditions. These properties optimize
material handling, reduce operational disruptions, and ensure compatibility with downstream processes.

Importance in the Cu-Cl Cycle
1. Uniform Fluidization: Cubic form ensures consistent flow, enhancing reactor efficiency and throughput [2].
2. Efficient Collection: Moderate cohesion supports smooth handling, minimizing operational interruptions [25].
3. System Design: Informs containment and transport system requirements, optimizing performance [2].
4. Cost Savings: Reduces maintenance costs from clumping or blockages, improving economic viability [1].
5. Safety: Minimizes handling hazards, ensuring worker and equipment safety [2].
6. Scalability: Supports reliable material transport in large-scale systems, ensuring consistent performance [1].
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2.3. Thermal Properties
CuCl’s specific heat capacity of ~0.42 J/g·K, thermal conductivity of ~0.45 W/m·K, and thermal diffusivity of ~0.14

mm²/s at 550°C enable efficient cooling and heat dissipation post-formation [6], [26]. These properties minimize energy use
in cooling systems, ensure uniform product quality, and support safe handling, critical for large-scale operations.

2.3.1. Specific Heat Capacity:
CuCl has a specific heat capacity of approximately 0.42 J/g·K at 550°C, determining the energy required to heat or cool

the material during and after the thermolysis step [6], [27], [28]. This low specific heat capacity indicates that CuCl requires
minimal energy to maintain its temperature, facilitating efficient cooling and handling post-reaction. The property is critical
for calculating the reactor’s energy balance, ensuring precise energy management to avoid waste. Accurate specific heat
capacity data supports the design of cooling systems, maintaining uniform temperatures during CuCl collection. This
property enhances energy efficiency, reducing costs in large-scale systems. CuCl’s specific heat capacity also prevents
thermal gradients, ensuring consistent handling and supporting integration with high-temperature heat sources for sustainable
hydrogen production [7], [29].

Importance in the Cu-Cl Cycle
1. Energy Balance Optimization: Accurate data minimizes energy waste, optimizing cooling efficiency [7].
2. Efficient Cooling: Low specific heat capacity reduces energy needs for cooling, enhancing process efficiency [1].
3. Reactor Design: Informs cooling system design, ensuring uniform temperatures [18].
4. Cost Efficiency: Optimized energy use lowers operational costs, improving viability [7].
5. Process Stability: Consistent heat capacity ensures predictable cooling, enhancing reliability [6].
6. Safety Assurance: Prevents overheating during handling, reducing equipment damage risks [12].

2.3.2. Thermal Conductivity:
CuCl has a thermal conductivity of approximately 0.45 W/m·K at 550°C, governing heat transfer within the solid bed

during and after thermolysis [6], [30], [31]. This moderate conductivity ensures efficient heat distribution during cooling,
preventing thermal gradients that could affect CuCl’s integrity. In fluidized or packed-bed reactors, thermal conductivity
supports uniform temperature profiles, facilitating consistent handling. This property is critical for designing cooling systems
that minimize energy losses and maintain product quality. In large-scale systems, CuCl’s thermal conductivity enhances
process reliability and scalability, supporting integration with high-temperature heat sources. The ability to manage heat
transfer efficiently reduces operational costs and aligns with sustainable hydrogen production goals [18], [32], [33], [34].

Importance in the Cu-Cl Cycle
1. Uniform Cooling: Ensures even heat distribution, maintaining CuCl integrity [18].
2. Energy Efficiency: Efficient heat transfer reduces cooling energy needs, optimizing sustainability [7].
3. Product Quality: Prevents thermal gradients, ensuring consistent CuCl properties [1].
4. Reactor Design: Informs cooling system design, enhancing performance and scalability [18].
5. Cost Savings: Reduced energy waste lowers costs, improving economic feasibility [7].
6. Safety Enhancement: Uniform cooling minimizes thermal stress, enhancing safety [12].

2.3.3. Thermal Diffusivity:
CuCl’s thermal diffusivity, calculated at approximately 0.14 mm²/s at 550°C, influences the speed of heat penetration

during cooling [6]. This property ensures rapid and uniform heat dissipation, preventing temperature variations that could
affect CuCl’s physical properties. High thermal diffusivity supports efficient cooling in reactors, reducing the time required
to prepare CuCl for transfer. This property is essential for maintaining consistent product quality and enhancing process
efficiency in large-scale systems. CuCl’s thermal diffusivity supports scalable reactor designs, ensuring reliable performance
and integration with high-temperature heat sources. By facilitating uniform cooling, this property minimizes energy losses
and enhances the sustainability of the Cu-Cl cycle [7].
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Importance in the Cu-Cl Cycle
1. Uniform Cooling: Rapid heat dissipation ensures consistent CuCl properties [7].
2. Process Efficiency: Faster cooling reduces energy needs, optimizing efficiency [1].
3. Reactor Performance: Supports efficient cooling designs, enhancing scalability [18].
4. Product Stability: Prevents temperature variations, ensuring reliable performance [19].
5. Cost Efficiency: Reduced energy needs lower costs, enhancing viability [7].
6. Safety Assurance: Uniform cooling minimizes thermal stress, improving safety [12].

2.3.4. Volatility:
CuCl has low volatility at 500–530°C, with a boiling point of ~1,490°C and a vapor pressure of 0.08kPa [35], ensuring

negligible material loss as vapor during thermolysis [2]. This low volatility prevents contamination of the oxygen gas stream
and maintains high product yield, simplifying gas handling systems. It also reduces the risk of vapor deposition on reactor
components, preserving equipment integrity and minimizing maintenance.

Importance in the Cu-Cl Cycle
1. High Product Yield: Minimizes material loss, maximizing CuCl output for electrolysis [1].
2. Clean Gas Stream: Prevents vapor contamination of O₂, simplifying gas separation [2].
3. Equipment Longevity: Reduces vapor deposition, extending reactor component life [1].
4. Cost Efficiency: Lowers material replacement and maintenance costs, enhancing viability [2].
5. Safety: Minimizes vapor-related hazards, protecting workers and equipment [1].
6. Scalability: Ensures consistent solid product handling in large-scale systems [2].

2.4. Mechanical Properties
With a bulk density of ~2.0 g/cm³ and Mohs hardness of ~2.0, CuCl allows efficient packing but is prone to dusting,

requiring careful handling to prevent material loss [36], [37]. These properties optimize reactor throughput and fluidization,
necessitating containment systems to ensure safety and cost-effective material management.

2.4.1. Bulk Density:
CuCl has a bulk density of approximately 2.0 g/cm³, affecting solid handling and reactor loading efficiency during the

thermolysis step [12]. This lower bulk density compared to its true density allows for efficient packing in reactors, optimizing
space and ensuring smooth particle movement. The bulk density influences the volume of CuCl that can be collected and
transferred, impacting process throughput. Proper management minimizes energy requirements for transport and supports
stable fluidization, preventing channeling. This property is critical for designing reactors that balance handling and efficiency,
making it vital for industrial-scale hydrogen production. CuCl’s bulk density enhances scalability, ensuring consistent
performance in large-scale systems [18].

Importance in the Cu-Cl Cycle
1. Efficient Loading: Optimizes reactor capacity, maximizing throughput [18].
2. Smooth Handling: Facilitates consistent flow, reducing blockages [7].
3. Energy Efficiency: Efficient packing minimizes transport energy, optimizing performance [1].
4. Scalability: Supports large-scale reactor designs, ensuring consistent performance [18].
5. Cost Savings: Reduced handling issues lower costs, improving viability [7].
6. Safety Enhancement: Prevents overloading, reducing equipment failure risks [12].

2.4.2. Hardness:
CuCl has a Mohs hardness of approximately 2.0, indicating a soft material prone to attrition and dusting during handling

[13]. This low hardness requires careful handling systems to minimize particle breakdown, which could lead to material loss
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or dust hazards. Robust containment is needed to prevent dust inhalation and equipment fouling. Effective hardness
management ensures material integrity, reduces losses, and enhances safety, making it critical for process design. This
property influences equipment choice, favoring low-stress systems. In large-scale applications, managing hardness is vital to
minimize costs and ensure reliability, enhancing the scalability of the Cu-Cl cycle [12].

Importance in the Cu-Cl Cycle
1. Minimized Loss: Controlled handling reduces attrition, preserving CuCl for electrolysis [12].
2. Worker Safety: Dust containment protects workers from inhalation risks [12].
3. Equipment Protection: Reduced dusting prevents fouling, extending lifespan [7].
4. Process Efficiency: Minimized loss optimizes productivity [1].
5. Cost Efficiency: Lower maintenance costs improve viability [7].
6. Operational Stability: Controlled handling ensures consistent properties, supporting performance [18].

2.5 Thermodynamic Properties
CuCl’s standard enthalpy of formation (~-137 kJ/mol), Gibbs free energy (~-120 kJ/mol), and entropy (~86 J/mol·K)

confirm its stability as a product, supporting efficient formation and cooling [6]. These properties ensure energy balance,
minimize side reactions, and facilitate reactor design for reliable, scalable hydrogen production.

2.5.1. Standard Enthalpy of Formation ∆ Ho
f :

The standard enthalpy of formation for CuCl is approximately -137 kJ/mol at 298 K, indicating its thermodynamic
stability as a solid product formed during the thermolysis of Cu₂OCl₂ [6]. This negative enthalpy value reflects CuCl’s
energetically favorable formation, requiring no additional energy to maintain its solid-state post-reaction. In the context of
the thermolysis reaction (ΔHrxn ≈ 120–150 kJ/mol), CuCl’s enthalpy contributes to the overall energy balance, necessitating
efficient cooling to manage the heat released during its formation [1]. Accurate ∆ Ho

f  data is critical for designing cooling
systems that prevent thermal stress or agglomeration of CuCl particles, ensuring safe handling and transfer to the electrolysis
step. This property supports the feasibility of the Cu-Cl cycle by confirming that CuCl’s formation is energetically stable,
reducing energy demands for product stabilization. The enthalpy data also informs reactor design, enabling precise energy
management to optimize process efficiency and scalability for industrial hydrogen production [7].

Importance in the Cu-Cl Cycle
1. Energy Balance Optimization: Accurate ∆ Ho

f  ensures precise cooling energy calculations, minimizing waste and
enhancing process efficiency [7].

2. Cooling System Design: Informs systems to manage CuCl’s temperature post-formation, ensuring safe handling
and preventing agglomeration [18].

3. Process Feasibility: Confirms CuCl’s energetic stability, supporting cycle efficiency and downstream electrolysis
[1].

4. Cost Efficiency: Optimized cooling reduces operational costs, improving economic viability for large-scale
applications [7].

5. Scalability: Supports scalable cooling and handling designs, ensuring consistent performance in industrial systems
[1].

6. Safety Assurance: Prevents thermal stress or equipment damage during cooling, enhancing operational safety [12].

2.5.2. Standard Gibbs Free Energy of Formation ∆ Go
f : 

The standard Gibbs free energy of formation for CuCl is approximately -120 kJ/mol at 298 K, reflecting its
thermodynamic stability as a solid product [6]. At the thermolysis temperature of 500–530°C, CuCl’s formation is favored,
as the positive ΔGrxn of the decomposition reaction is driven by continuous heat input, ensuring CuCl remains a stable product
[1]. This negative ∆ Go

f  value indicates that CuCl does not decompose or disproportionate under controlled reactor
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conditions, supporting its suitability for the electrolysis step. The ∆ Go
f  data is crucial for predicting CuCl’s stability and

designing reactors that maintain optimal temperature and pressure to maximize product yield. This property enhances process
reliability by ensuring CuCl’s integrity throughout the cycle, facilitating seamless integration into large-scale hydrogen
production systems. The thermodynamic stability of CuCl also minimizes the risk of side reactions, supporting safe and
efficient operation [7].

Importance in the Cu-Cl Cycle
1. Product Stability: Ensures CuCl remains stable, supporting efficient electrolysis and cycle continuity [1].
2. Process Control: Guides reactor conditions to favor CuCl formation, maximizing yields and minimizing side

reactions [7].
3. Cycle Continuity: Stable CuCl ensures smooth transition to the electrolysis step, enhancing overall efficiency [19].
4. Reactor Stability: Supports consistent operation by maintaining favorable conditions, reducing fluctuations [18].
5. Scalability: Ensures thermodynamic stability in large-scale reactors, supporting reliable performance [1].
6. Safety: Prevents unintended reactions, enhancing worker and equipment safety during high-temperature operations

[12].

2.5.3. Entropy:
The standard entropy of CuCl is approximately 86 J/mol·K at 298 K, reflecting the ordered nature of its cubic zincblende

crystalline structure [6]. In the thermolysis reaction, CuCl’s entropy contribution is relatively low compared to the gaseous
O₂ product, but it supports the positive entropy change (ΔSrxn) of the reaction due to the formation of O₂, which drives the
reaction’s favorability at high temperatures [1]. The entropy data is critical for predicting CuCl’s temperature-dependent
behavior, ensuring that reactor conditions align with the thermodynamic favorability of the reaction at 500–530°C. This
property informs the design of temperature control systems, maintaining optimal conditions for CuCl formation and stability.
The low entropy of CuCl ensures consistent physical properties, facilitating efficient handling and transfer to the electrolysis
step. This characteristic enhances the scalability and reliability of the Cu-Cl cycle, supporting its application in industrial
hydrogen production [7].

Importance in the Cu-Cl Cycle
1. Thermodynamic Favorability: Contributes to positive ΔS_rxn, ensuring reaction favorability at high temperatures

[1].
2. Temperature Optimization: Guides reactor temperature control, enhancing process efficiency [7].
3. Process Predictability: Supports accurate prediction of CuCl’s behavior, improving process control [19].
4. Reactor Design: Informs temperature management systems, ensuring consistent CuCl formation [18].
5. Scalability: Supports scalable designs with consistent thermodynamic behavior, ensuring reliable performance [1].
6. Safety: Prevents excessive temperature swings, reducing risks of equipment stress or failure [12].

2.6. Kinetic Properties
CuCl forms rapidly with kinetics governed by an activation energy of ~100–120 kJ/mol and particle growth resulting in

50–200 μm sizes, driven by high temperatures [1]. These properties ensure high yields, consistent handling, and optimized
residence times, supporting efficient and scalable reactor operations.

2.6.1. Formation Rate:
The formation rate of CuCl during the thermolysis of Cu₂OCl₂ is governed by the decomposition kinetics of the reactant,

with a reaction rate constant dependent on the Arrhenius equation k = A e −
Ea
RT , where the activation energy (Ea) for the

overall reaction is approximately 100–120 kJ/mol and the pre-exponential factor (A) is around 10^6 s⁻¹ [1]. At 500–530°C,
CuCl forms rapidly, typically within minutes, due to the favorable kinetics driven by high temperatures and optimized reactor
conditions, such as small particle sizes of Cu₂OCl₂ (50–200 μm). The formation rate is influenced by factors like temperature,
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particle size, and reactor fluidization, which affect the availability of reactive sites on Cu₂OCl₂. This property ensures high
CuCl yields, critical for supplying sufficient material to the electrolysis step. Optimizing conditions, such as increasing
temperature within safe limits or reducing particle size, can enhance the formation rate, improving process throughput.
Accurate kinetic data is essential for designing reactors with appropriate residence times and heating profiles, ensuring
efficient CuCl production and supporting scalability in industrial hydrogen production systems [18].

Importance in the Cu-Cl Cycle
1. High Yields: Rapid CuCl formation ensures maximum production, optimizing efficiency and electrolysis input [1].
2. Reactor Throughput: Informs residence time requirements, maximizing reactor productivity and throughput [18].
3. Process Efficiency: Fast kinetics reduce energy and time requirements, enhancing overall performance [19].
4. Scalability: Supports scalable reactor designs with consistent formation rates, ensuring reliable performance [1].
5. Cost Efficiency: Reduced residence times lower operational costs, improving economic viability [7].
6. Safety: Controlled formation kinetics prevent runaway reactions, enhancing operational safety [12].

2.6.2. Particle Growth Kinetics:
CuCl particles form with sizes typically ranging from 50–200 μm during the thermolysis step, influenced by nucleation

and growth kinetics driven by the reaction conditions [1]. The particle growth rate is governed by the temperature
(500–530°C) and residence time in the reactor, with smaller particles forming at higher temperatures due to rapid nucleation
and limited growth time. The kinetics of particle growth affect CuCl’s physical properties, such as surface area and
flowability, which impact its handling, cooling, and transfer to the electrolysis step. Controlled growth ensures consistent
particle sizes, facilitating efficient fluidization or packed-bed handling and minimizing dusting risks. This property is critical
for designing collection and transport systems that maintain CuCl’s integrity and optimize process efficiency. Accurate
kinetic data on particle growth supports scalable reactor designs, ensuring reliable CuCl handling in large-scale hydrogen
production systems [19].

Importance in the Cu-Cl Cycle
1. Efficient Handling: Consistent particle sizes improve flowability and transport efficiency, enhancing process

productivity [1].
2. Process Optimization: Controlled growth kinetics ensure optimal particle properties for downstream processing

[18].
3. Reactor Design: Informs collection system design, ensuring efficient CuCl recovery and handling [19].
4. Scalability: Supports scalable systems with consistent particle characteristics, ensuring reliable performance [1].
5. Cost Efficiency: Optimized particle sizes reduce handling and maintenance costs, improving economic viability

[7].
6. Safety: Controlled growth minimizes dusting risks, protecting workers and equipment and enhancing safety [12].

4. Conclusion
This study underscores the critical role of copper(I) chloride (CuCl) as a stable, solid-state product in the thermolysis

step of the Cu–Cl hydrogen production cycle. CuCl's well-characterized material properties—including its high purity,
thermal stability, low reactivity, and controlled particle morphology—contribute significantly to process reliability, reactor
efficiency, and energy optimization. Its behavior under high-temperature conditions enables consistent product recovery,
minimizes operational risks, and supports simplified reactor design. The detailed assessment of CuCl’s physical, thermal,
and mechanical traits also reveals its suitability for scalable, industrial applications where heat integration and solid-gas
separation are essential. These findings provide a strong foundation for future research in material-based process
enhancement, offering clear guidance for the design and operation of thermolysis systems in sustainable hydrogen
production.
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