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Abstract:

 Cuprous oxide (Cu2O) nanocubes were synthesized by reducing Cu(OH)2 in the presence of sodium citrate at room temperature. The samples were characterized in detail by field-emission scanning electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy, X-ray powder diffraction, and N2 absorption (BET specific surface area). The equations for acquiring reaction kinetic parameters and surface thermodynamic properties of Cu2O nanocubes were deduced by establishment of the relations between thermodynamic functions of Cu2O nanocubes and these of the bulk Cu2O. Combined with thermochemical cycle, transition state theory, basic theory of chemical thermodynamics, and in situ microcalorimetry, reaction kinetic parameters, specific surface enthalpy, specific surface Gibbs free energy, and specific surface entropy of Cu2O nanocubes were successfully determined. We also introduced a universal route for gaining reaction kinetic parameters and surface thermodynamic properties of nanomaterials.
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1. Introduction

Surface atomic structure is a critical factor affecting many physical and chemical properties of nanomaterials occurring on its surfaces [1,2], including chemical thermodynamics [3,4,5,6,7,8,9], chemical kinetics [5,8], catalysis [10,11,12,13], sense [11], adsorption [14], phase transition [15], and electrochemistry of nanomaterials [16]. Surface thermodynamic properties are the intuitive expression of the special structure-activity relationships of nanomaterial surfaces. It is commonly believed that micro/nanocrystals with high-energy facets are known to possess an enhanced reactivity [1,2].

To date, much progress has been made in experimental determination of solid surface energy, including calorimetry for surface enthaply [17], inert gas bubble precipitation [18], grain boundary grooving kinetics [19], and surface scratch relaxation rate [20] for surface energy, contact angle [21,22], multiphase equilibrium lattice parameters [23], sessile cylinder [19], and zero creep [24] for surface tension. Methods commonly used in Young modulus (e.g., tearing) and other methods involving compression, solubilization, high-temperature dissolution, or lowering of melting point produce high and even applied stress-covered surface energies [25].

Theoretical calculation may be a powerful approach to evaluate surface energies of nanomaterials or their oriented facets [26,27,28]. However, these methods conducted by theoretical calculations have several limitations [29,30]. Furthermore, most of these employed the ideal models, which were far from reality. Real surfaces with high density of atomic steps, edges, and unsaturated bonds are thermodynamically unstable, which tend to absorb water [7], gas molecules, and surfactants [1,2], undergo surface atom reconstruction and aggregation, or even form a protective film layer. The surface energies of these complicated real surfaces are extremely difficult to theoretically calculate. A universal method to determine surface energy has yet to be developed. Therefore, developing a scientific and universal experimental method to measure the surface energy of nanomaterials is a pressing need in the scientific endeavors on solid surface and in other disciplines.

Cuprous oxide (Cu2O) is widely used due to its perspective application in antibacterial activity [31], photocatalysis [32,33,34], gas sensors [35], chemical templates [36], solar driven water splitting [37,38], CO oxidation [39,40], and catalysis [41]. In terms of studying surface energies of nanoparticles and their structure–function relationship among morphology, structure, and size, there is little literature regarding the theoretical or experimental determination of surface energy of Cu2O nanocrystals. In this work, cuprous oxide (Cu2O) nanocubes were prepared by a facile method via reducing Cu(OH)2 in the presence of sodium citrate at room temperature. The equations for acquiring reaction kinetic parameters and surface thermodynamic properties of Cu2O nanocubes were deduced by establishment of the relations between thermodynamic functions of Cu2O nanocubes and these of the bulk Cu2O. Combined with thermochemical cycle, transition state theory, basic theory of chemical thermodynamics, and in situ microcalorimetry, reaction kinetic parameters and specific surface energies of Cu2O nanocubes were successfully determined. We also introduced an universal route for gaining reaction kinetic parameters and surface thermodynamic functions of nanomaterials.



2. Results and Discussion

Figure 1a shows that the prepared Cu2O nanocubes have a high uniform and monodispersed morphology, enclosed by (100) facets without any truncation. As shown in Figure 1d, the length of its edge is in the range of 46–62 nm. Figure 1b displays the low-magnification TEM image of sample, showing that Cu2O nanocubes are highly uniform and have an average size of 55 nm. Visible lattice fringes with d-spacings of 3.04 Å and 2.6 Å are identified in Figure 1c, corresponding to the (110) and (111) lattice planes of Cu2O. Figure 1e presents the morphology of bulk Cu2O; its size was in the range of 2.9–17.5 µm without any pores in its facets.

Figure 1. SEM images of (a) Cu2O nanocubes and (e) bulk Cu2O; (b) TEM image of Cu2O nanocubes and (c) HR image of tilted nanocube; (d) The size distribution of Cu2O nanocubes.
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Figure 2a shows that all diffraction peaks of both Cu2O nanocubes and bulk Cu2O are consistent with those of cuprite cuprous oxide (JCPDF No. 05-0667), no other impurity peak is observed. The sharp diffraction peaks indicate that the samples are highly crystallized. The N2 absorption-desorption isotherm (Figure 2b) shows that isotherms and hysteresis loops of Cu2O nanocubes belong to the typical type IV isotherm and type H3 loop (based on the International Union of Pure and Applied Chemistry (IUPAC) calssification), while the N2 absorption-desorption isotherm of bulk Cu2O is almost overlapping, indicating the absence of nonporous macropores on its surface. The specific surface area (BET) of Cu2O nanocubes and bulk Cu2O are 10.9570 m2/g and 0.0106 m2/g, respectively.

Figure 2. (a) X-ray diffraction (XRD) patterns and (b) N2 absorption-desorption isotherms of nanocubes and bulk Cu2O.
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The reaction heat could be determined by the integration area of heat flow curve (shown in Table 1), and then its molar enthalpies were calculated and exhibited in Table 1.


Table 1. Molar reaction enthalpies of nanocubes and bulk Cu2O reaction systems.



	
T/K

	
No.

	
m/mg

	
Q/J

	
∆rHmθ/kJ·mol−1

	
ln k






	
298.15

	
Nano

	
1

	
1.504

	
2.778

	
−264.707

	
−5.544




	
2

	
1.494

	
2.746

	
−263.031

	
−5.565




	
3

	
1.494

	
2.708

	
−259.343

	
−5.550




	
Bulk

	
1.496

	
2.322

	
−223.503

	
−6.153




	
303.15

	
Nano

	
1

	
1.503

	
2.511

	
−240.575

	
−5.494




	
2

	
1.501

	
2.501

	
−239.914

	
−5.519




	
3

	
1.496

	
2.485

	
−239.198

	
−5.511




	
Bulk

	
1.500

	
2.289

	
−213.421

	
−5.779




	
318.15

	
Nano

	
1

	
1.507

	
2.078

	
−198.516

	
−5.200




	
2

	
1.503

	
2.066

	
−197.949

	
−5.530




	
3

	
1.499

	
2.069

	
−198.719

	
−5.418




	
Bulk

	
1.503

	
1.808

	
−173.178

	
−5.685













Compared with bulk Cu2O, super-refined materials have significantly more particles in the surface phase. Particles in the surface phase account for a large proportion of the total particles. Atoms in the surface phase have uneven stresses, unsaturated force field, and dangling bonds, which lead to high surface energy. This result may explain why the reaction rate of Cu2O nanocubes is faster than that of bulk Cu2O. With temperature increasing, surface turbulence and surface energy of Cu2O nanocubes increase, consequently, resulting in the increase of its chemical reaction rate.

Linear regression of logarithmic reaction rate constant and temperature reciprocal was performed using Equation (6), and the Ea of the Cu2O nanocubes reaction was obtained. The ΔG≠θ of the Cu2O nanocubes reaction was calculated using Equation (7). The ΔH≠θ and ΔS≠θ of the Cu2O nanocubes reaction were calculated using Equation (8) and shown in Table 2.


Table 2. Activation energy, activation Gibbs free energy, activation enthalpy, and activation entropy of Cu2O nanocubes.



	
Reaction System

	
T (K)

	
lnk

	
ΔG≠θ (kJ·mol−1)

	
Ea (kJ·mol−1)

	
ΔH≠θ (kJ·mol−1)

	
ΔS≠θ (J·K−1·mol−1)






	
Cu2O

Nanocubes

	
298.15

	
−5.553

	
86.785

	
6.698

	
4.134

	
277.214




	
303.15

	
−5.508

	
88.169




	
318.15

	
−5.383

	
92.323









Applying Equations (23)–(25), specific surface functions of Cu2O nanocubes were determined and shown in Table 3.

Table 3. Specific surface functions of Cu2O nanocube.


	T/K
	298.15
	303.15
	318.15





	HS (J·m−2)
	24.874
	16.611
	15.998



	GS (J·m−2)
	0.943
	0.433
	0.507



	SS (J·m−2·K−1)
	0.080
	0.053
	0.049








Compared with bulk Cu2O, specific surface enthalpy, specific surface Gibbs free energy, and specific surface entropy of Cu2O nanocube are all larger than these of the bulk. After super-refinement of the material, atoms in surface phase suffer from uneven stress, display unsaturated force field, and possess dangling bonds because of the strong specific surface effect. Consequently, the interaction of nanoparticles is enhanced, giving rise to the increase of these surface energy with particle size decreasing. This is why nanomaterials have a much higher surface energy than the corresponding bulk materials.







3. Experimental Section

Copper sulfate (≥ 99%), sodium hydroxide (≥ 99%), trisodium citrate dehydrate (≥ 99%), nitric acid (65–68%), potassium chloride (99.99%), and ascorbic acid (≥ 99.7%) were bought from Sinopharm Chemical Reagent Co. Ltd. and used without further purification. Bulk cuprous oxide (≥ 99%) was gained by physically filtrating the purchased powder from Aladdin Reagent Ltd.. Deionized water used in all experiments had a resistivity of 18.2 MΩ·cm.

The morphologies of the sample were imaged by field-emission scanning electron microscope (FESEM, Zeiss SUPRA 55 Sapphire, Germany). Transmission electron microscopy (TEM) characterization was operated on a JEOL JEM-2100 electron microscope. The X-ray diffraction (XRD) pattern was recorded by X-ray powder diffraction (XRD, Philips PW 1710 with Cu Kα radiation, λ = 1.5406 Å, The Netherlands). The specific surface area was determined by a physisorption analyzer accelerated surface area and porosimetry system (BET, Micromeritics ASAP 2020, USA). The trace amounts of the samples were weighted by an XPE analytic balance (Mettler Toledo, Switzerland). Calorimetric experiments were carried out by a RD496L microcalorimeter (Mianyang CP Thermal Analysis Instrument Co., Ltd, China) under the condition of constant temperature and constant pressure.

In a typical synthesis [40], monodispersed Cu2O nanocubes with an average edge length of 55 nm were prepared by reducing Cu(OH)2 in the presence of sodium citrate which acted as a chelating agent with Cu2+, retarding the precipitation of Cu(OH)2.

The calorimeter was calibrated by Joule effect and determining the dissolution enthalpy of KCl in deionized water (1:1110, mKCl/mde-water) at 298.15 K, the result showed that its calorimetric constant and the dissolution enthalpy of KCl were (69.91 ± 0.56) μV·mW−1 and (17.792 ± 0.029) kJ·mol−1, respectively, which was consistent with the value of (17.524 ± 0.028) kJ·mol−1 in the literature [42], indicating that the microcalorimeter is accurate and reliable.

A small glass tube charged with 1.0 mL of 2.0 M HNO3 solution was placed above a 15-mL glass tube containing 1.500 mg of Cu2O samples (bulk or the obtained nanocubes). After balance of the base line, the upper glass tube charged with HNO3 solution was pierced. The thermodynamic and kinetic information was recorded by the microcalorimeter.



4. Methodology


4.1. Establishment of Chemical Reaction Kinetic Models for Nanocubes

Both the specific surface area and specific surface energy of the reactant increase after its size is refined. Thus, the mean molar energy of the refined reactant is higher than that of the corresponding bulk reactant. If the reactant particle size is insignificant to the mean energy of the activated molecules, then the difference between the mean energy of 1 M of activated molecular and 1 M of its reactant is the activation energy of its nanomaterials [7]. Figure 3 shows the transition state theory [7,8]. In the same chemical reaction, the reactant experiences the same transition state to the final state. Therefore, the apparent activation energy of nanoparticles Ea (nano) is the difference between the activation energy of corresponding bulk materials Ea (bulk) and the molar surface energy of nanoparticles (EmS):

Figure 3. Schematic of relationship between surface energy and apparent activation energy.
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(1)






If the dispersion phase in heterogeneous reaction has only one reactant and others belong to the continuous phase, then the relationship between surface energy and apparent activation energy for nanocubes without inner bores can be expressed as
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(2)




where σ, M, ρ, and l are the surface tension, molar mass, density, and particle size (length of cube edge) of the cubic nanoparticle reactant, respectively. Equation (2) provides that apparent activation energy in chemical reaction of nanomaterials is proportional to the particle size of reactant.
If heterogeneous reaction follows Arrhenius Law, substituting Equation (2) into it yields the Arrhenius equation of nanocubes:
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(3)




where T donates the reaction temperature, k donates the reaction rate constant, A donates the pre-exponential factor, R donates the molar gas constant, and Eab donates the apparent activation energy of corresponding bulk materials.
Substituting the logarithm on both sides of Equation (3), we obtain:
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(4)




therefore, when the particle size is larger than 10 nm, the surface tension slightly changes and can be viewed as a constant [43]. On the basis of Equation (4), the logarithm of the reaction rate constant is inversely proportional to the particle size of the reactant.


4.2. Acquisition of Dynamic Parameters of Cu2O Nanocubes Reacting with HNO3

The thermodynamic equation of reversible chemical reaction under constant temperature and pressure can be expressed as [44]:
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(5)




where H∞ is the enthalpy change during the whole reaction and may be directly obtained by microcalorimetry, dHi/dt is the enthalpy change rate, k (s−1) is the reaction rate constant expressed by conversion rate, and Hi is the enthalpy change at reaction time t. k can be calculated from the linear regression of thermodynamic data.
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(6)
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(7)
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(8)




where NA donates Avogadro’s constant, kB donates Boltzmann’s constant, h donates Planck’s constant, and R donates the molar gas constant; ΔG≠θ, ΔH≠θ, and ΔS≠θ is activation Gibbs free energy, activation enthalpy, and activation entropy, respectively. The diagram of 1/T was drawn with lnk. Ea and A were calculated using Equation (6). Activation energies were gained from Equations (7) and (8).


4.3. Theoretical Derivation of Specific Surface Energies

Because of their high specific effects, nanomaterials exhibit more exceptional properties than corresponding bulk materials [1,2]. The specific surface area, specific surface capacity and the specific surface energy should be considered [3]. In a reaction system involving nanoparticles, its overall enthalpy (DrHmn) is made of that in bulk portion (DrHmb) and in surface/interfacial portion (DrHms) [3,4,5,6,7,8,9,10,43,45], which could be expressed as:



DrHmn = DrHmb + DrHms



(9)




where n denotes nanosystem, bulk phase is denoted by b, and surface phase is denoted by s.
The essential difference between nano Cu2O and bulk Cu2O only lies in the size themselves but with the same chemical composition. As shown in Figure 4, the relationship between standard molar enthalpies of formation among them was built via designing a thermochemical cycle [8,9].

Figure 4. Schematic diagram of thermochemical cycle.
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The related reactions in Figure 4 were as follows:



3Cu2O(nano) + 14HNO3 = 6Cu(NO3)2 + 2NO + 7H2O (ΔrHmn)



(10)






3Cu2O(bulk) + 14HNO3 = 6Cu(NO3)2 + 2NO + 7H2O (ΔrHmb)



(11)




According to the Equation (9), ΔrHms can be expressed as:



ΔrHms = ΔrHmn ‒ ΔrHmb



(12)




Thus, based on Hess law, the chemical equations for ΔrHms could be deduced by: Reaction (10) and Reaction (11). Therefore, the chemical equation for ΔrHms is as below:



Cu2O (nano) → Cu2O (bulk) (ΔrHms)



(13)




Based on the definition of surface enthalpy of a solid [46], molar surface enthalpy of nanocube Cu2O could be deduced by the following chemical equation:



Cu2O (bulk) → Cu2O (nano) (Hms)



(14)




Combining Reaction (13) with Reaction (14), its molar surface enthalpy could be represent as:



Hms = ‒ΔrHms



(15)




Coupling Equations (9) and (12) with Equation (15), the molar surface enthalpy of nanocube Cu2O could be deduced as:



Hms = ΔrHmb ‒ ΔrHmn



(16)




Similarly, the molar surface Gibbs free energy of Cu2O nanocubes could be derived as:



Gms = ΔrGmb ‒ ΔrGmn



(17)




It is well known that a chemical reaction occurs on the molecular or atom level. Therefore, the Cu2O nanocubes and its corresponding bulk Cu2O have the same transition states and final states apart from their initial states [8,9]. The relationship between surface Gibbs free energy and activation Gibbs free energy of the reaction system are presented in Figure 5.

Figure 5. Schematic of relationship between surface Gibbs free energy and activation Gibbs free energy.



[image: Entropy 17 05437 g005 1024]







Therefore, according to characteristics of state function, the following equations can be derived from:



ΔrGmb = Δr≠Gmb + ΔrGm



(18)






ΔrGmn = Δr≠Gmn + ΔrGm



(19)




Combined Equations (17)–(19), molar surface Gibbs free energy of Cu2O nanocubes could be deduced by:



Gms = Δr≠Gmb ‒ Δr≠Gmn



(20)




As the transition state theory [46] is shown, the relation between rate constant and Gibbs free energy of activation can be indicated as:
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(21)




where kB denotes Boltzmann constant, and h denotes Planck constant.
Combined with the Equations (20) and (21), Gms can be transferred as:



Gms = RT (lnknano ‒ lnkbulk)



(22)




Based on the fundamental definition of thermodynamic function, the specific surface enthalpy and specific surface Gibbs free energy of nanomaterials was expressed [8]:
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(23)
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(24)




where M and A represent molar mass and surface area determined by BET, HS is the enthalpy per unit area, Gs is the surface Gibbs free energy per unit area.
In accordance with the formula Gs = Hs − TSs, the, and the specific surface entropy Ss of Cu2O nanocubes can be gained as:



Ss = (Hs − Gs)/T



(25)




where Ss is the surface entropy per unit area.



5. Conclusions

Cuprous oxide (Cu2O) nanocubes were prepared by reducing Cu(OH)2 in the presence of sodium citrate, which acted as a chelating agent with Cu2+ at room temperature. In addition, the samples were characterized in detail by field-emission scanning electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy, X-ray powder diffraction, and N2 absorption (BET specific surface area). The equations for acquiring reaction kinetic parameters and surface thermodynamic properties of Cu2O nanocubes were deduced by establishment of the relations between thermodynamic functions of Cu2O nanocubes and these of the bulk Cu2O. Then thermochemical cycle combined with transition state theory, basic theory of chemical thermodynamics, and in situ microcalorimetry, reaction kinetic parameters, specific surface enthalpy, specific surface Gibbs free energy, and specific surface entropy of Cu2O nanocubes were successfully determined. We also introduced a universal route for gaining reaction kinetic parameters and surface thermodynamic properties of nanomaterials.
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