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Synopsis

The Pechini method was more effective in fabricating Ce/Cr codoped TiO2 nanoparticles of superior photocatalytic properties in comparison with the sol-gel method. The improved efficiency was attributed to: a) formation of mixed-phase anatase + rutile with greater homogeneity of dopant incorporation, b) development of open agglomerated morphologies with significantly higher surface areas, and c) favourable valence changes (increased Ti 3+ concentrations) owing to electron exchange in inter valence and/or multi valence charge transfer reactions.

Introduction

The use of sol-gel methods to obtain pure and doped oxide systems has become common practice because they offer precise compositional and microstructural control and versatility in homogeneity relative to more conventional solidstate syntheses. Sol-gel chemistry is an umbrella term encompassing a broad range of approaches.

Most commonly, sol-gel syntheses of oxides involve the steps of hydrolysis and condensation of solutions derived from organometallic compounds and metal salts. However, there are some disadvantages to these processes, including the unavailability of suitable commercial precursors, moisture sensitivity, and differential hydrolysis kinetics, the latter two of which can result in inconsistent hydrolysis, chemical segregation, inhomogeneous precipitation, and agglomeration prior to heat treatment. [START_REF] Cui | Nanoparticle Synthesis of Willemite Doped with Cobalt Ions (Co0.05Zn1.95SiO4) by an Epoxide-Assisted Sol-Gel Method[END_REF] An alternative approach that can overcome these potential shortcomings involves polymer complexation by the Pechini route. [START_REF] Pechini | Method of Preparing Lead and Alkaline Earth Titanates and Niobates and Coating Method using the Same to Form a Capacitor[END_REF][START_REF] He | 2SrSiO4: Eu 2+ Phosphor Prepared by the Pechini Method and its Application in White Light Emitting Diode[END_REF] This methodology relies on the polyesterification of chelated cation species to produce homogenous polymeric precursors in which the precipitation of secondary phases is inhibited through steric entrapment, thereby maintaining molecular-level mixing at all stages of processing. This method generally employs carboxylate chelating agents and glycol groups, with the most common combination involving citrate-acid-driven chelation with ethylene-glycol-driven polyesterification.

Bonding in conventional sol-gel methods involves interconnected metal-oxygen M-O polymer 3 networks formed by hydrolysis and condensation of metal alkoxides or salts. [START_REF] Hanaor | Single and Mixed Phase TiO2 Powders prepared by Excess Hydrolysis of Titanium Alkoxide[END_REF] In the formation of these metal-oxo networks, segregation of cationic species and formation of nanocrystals of binary compounds can occur owing to moisture sensitivity and/or preferential hydrolysis kinetics of individual metal precursors. In contrast, bonding in the Pechini method occurs through a polymer interconnected by covalent and coordinate bonding established during polyesterification between metal cations chelated with carboxylate groups and polyhydroxy alcohols. [START_REF] Danks | Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses[END_REF] This method traps cations in a polymer gel that retains a uniform cation distribution during mixing, calcination, pyrolysis, and crystallization. Figure 1 shows the schematic of Pechini process. Table 1 summarizes the differences between these two methods. A few studies into the effects of codoping with both transition and rare earth metals in TiO2, have been reported using sol-gel methods. [START_REF] Yang | Titanium Dioxide Nanoparticles Co-Doped with Fe 3+ and Eu 3+ Ions for Photocatalysis[END_REF][START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF][START_REF] Chen | Effect of Intervalence Charge Transfer on Photocatalytic Performance of Cobalt-and Vanadium-Codoped TiO2 Thin Films[END_REF][START_REF] Ren | Multivalence Charge Transfer in Doped and Codoped Photocatalytic TiO2[END_REF] Fe/Eu codoped anatase of crystallite size ~4.5-7.5 nm and surface area ~160-196 m 2 /g showed that Fe (as hole trap) and Eu (as electron trap) acted synergistically to improve the photocatalytic performance through enhanced charge separation and interfacial charge transfer. [START_REF] Yang | Titanium Dioxide Nanoparticles Co-Doped with Fe 3+ and Eu 3+ Ions for Photocatalysis[END_REF] Although not stated, this mechanism involves intervalence charge transfer [START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF][START_REF] Chen | Effect of Intervalence Charge Transfer on Photocatalytic Performance of Cobalt-and Vanadium-Codoped TiO2 Thin Films[END_REF][START_REF] Ren | Multivalence Charge Transfer in Doped and Codoped Photocatalytic TiO2[END_REF] since the proposed respective redox reactions are Fe 3+ → Fe 4+ and Eu 3+ → Eu 2+ . Fe/Ho codoped anatase of crystallite size ~12.5-18.5 nm suggested that the Fe ions enhanced optical absorbance and the Ho ions retarded electron-hole recombination. [START_REF] Shi | Influence of Fe 3+ and Ho 3+ Co-Doping on the Photocatalytic Activity of TiO2[END_REF] Fe/La codoped anatase-rutile mixtures of crystallite size ~10-30 nm and surface area ~25-84 m 2 /g also acted synergistically to enhance radiation absorption and the corresponding photocatalytic performance. [START_REF] Wang | Preparation and Characterization of TiO2 Photocatalysts Co-Doped with Iron (III) and Lanthanum for the Degradation of Organic Pollutants[END_REF] V/La codoped anatase-rutile mixtures of crystallite size ~7-34 nm and surface area ~42-217 m 2 /g enhanced optical absorbance, retarded electron-hole recombination, and improved the photocatalytic performance. [START_REF] Ilkhechi | Enhanced Optical and Photo Catalytic Properties of V and La Codoped TiO2 Nanoparticles[END_REF] In the present work, Ce (rare earth metal) and Cr (transition metal) were used as dopants owing to their unfilled f and d shells, respectively, which have the potential to facilitate intervalence charge transfer between dopants and/or between matrix and dopant(s), which may improve photocatalytic performance. [START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF][START_REF] Chen | Effect of Intervalence Charge Transfer on Photocatalytic Performance of Cobalt-and Vanadium-Codoped TiO2 Thin Films[END_REF][START_REF] Ren | Multivalence Charge Transfer in Doped and Codoped Photocatalytic TiO2[END_REF] Ce/Cr codoped nanoparticles were prepared at codopant concentrations up to 10.00 mol% each via (1) sol-gel and (2) Pechini methods, followed by thermal treatment at 400°C for 4 h. The mineralogical, morphological, surface, structural, chemical properties, optical, and photocatalytic characteristics were investigated in order to differentiate the effects of the synthesis method on these parameters. 

Experimental Procedure

Characterization

The resultant nanoparticles were characterized using the following techniques shown in Table 3. 

Results and Discussion

Figure 3 shows XRD patterns of codoped TiO2 powders following heat treatment at 400°C for 4 h.

While the sol-gel powders crystallized solely as anatase, which is consistent with other reports, [START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF][START_REF] Chen | Effect of Intervalence Charge Transfer on Photocatalytic Performance of Cobalt-and Vanadium-Codoped TiO2 Thin Films[END_REF][START_REF] Lin | Effect of Fe Doping on TiO2 Films Prepared by Spin Coating[END_REF] the Pechini powders consisted of mixed anatase and rutile, which, as shown in C Calculated by the Scherrer method [START_REF] Klug | Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses[END_REF] It is notable that the XRD peak positions for the Pechini powders indicated lattice contraction, which would appear to be unlikely owing to the large size of the lanthanide Ce. The relevant sixfold Shannon crystal radii [START_REF] Shannon | Effective Ionic Radii in Oxides and Fluorides[END_REF] are given in Table 5. According to Hume-Rothery's rules [START_REF] Hume-Rothery | Structure of Metals and Alloys[END_REF][START_REF] Chen | Effect of Doping on the Properties and Photocatalytic Performance of Titania Thin Films on Glass Substrates: Single-Ion Doping with Cobalt or Molybdenum[END_REF] , substantial solid solubility requires the dopant ion to be of radius ≤15% different from that of the matrix ion.

Accordingly, Ce should not be soluble and only Cr 3+

and Cr 4+ should (Cr 2+ is not considered owing to its thermodynamic instability [START_REF] Ren | Multivalence Charge Transfer in Doped and Codoped Photocatalytic TiO2[END_REF] ).

If Ce exhibits interstitial solubility, then it would have to be accommodated in one or both of the interstices located above and below the central Ti ion in the elongated TiO6 octahedron [START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF] . Since Table 4 shows that this interstice has a radius of 0.0782 nm, it is too small to accommodate a Ce ion. However, if solubility integrates both substitutional and interstitial mechanisms to occupy both types of sites, then the lengths available would be 0.0782 + 0.0745 = 0.1527 nm (interstice + Ti site) or 0.0782 + 0.0745 + 0.0782 nm = 0.2309 nm (two interstices + Ti site).

Both of these are sufficiently large to accommodate a Ce ion. This integrated solubility would be likely to result in expansion of the a-b plane and contraction of the c axis. Assuming a hard sphere model, integrated interstice + Ti site, and Ce 4+ solubility, the lattice distortion would be expansion of the a or b axis of 0.0375 nm and a contraction of the c axis of 0.1034 nm. These represent unit cell [START_REF] Hanaor | Review of the Anatase to Rutile Phase Transformation[END_REF] alterations of ~10% a or b axis expansion and ~11% c axis contraction. Thus, the XRD data suggest that Cr 3+ and Cr 6+ (~580 eV [START_REF] Naumkin | NIST X-Ray Photoelectron Spectroscopy Database[END_REF] ). Figures

indicate that the Ce 3+ and Ce 4+ contents are not consistent. The FTIR spectra in Figure 10 show that both powders contain carbon-bonded groups but that the contents of these in the sol-gel powders are significantly lower than those in the Pechini powders. This is consistent with a lower extent of pyrolysis of the latter, as mentioned in conjunction with the data for the microstructures in Figure 5 * Vo •• is an oxygen vacancy However, since there are simultaneously variable valences for the matrix and two dopants, then multivalence charge transfer (MVCT) [START_REF] Li | WO3 and Ag Nanoparticle Co-Sensitized TiO2 Nanowires: Preparation and the Enhancement of Photocatalytic Activity[END_REF] , which involves matrix and multiple dopants, also must be considered. Since the number of permutations for the electron exchanges between these three cations is large, only a simplified expression for the principle is given:

(Ti 3+ ↔ Ti 4+ ) ↔ (Ce 3+ ↔ Ce 4+ ) ↔ (Cr 3+ ↔ Cr 4+ ↔ Cr 5+ ↔ Cr 6+ ) (1) 
Table 7 shows the IVCT and MVCT mechanisms suggested by the XPS data. In the solgel powders, since Ti 3+/4+ , Ce 3+/4+ , Cr 3+/4+ were present in the codoped samples, then charge balance could be achieved only through the presence of multiple numbers of individual ions rather than just single numbers. If this is the case, then electron exchange occurs over multiple lattice sites and so is, as such, localized over more than two point defects.

In the Pechini powders, since Ti 3+/4+ , Ce 3+/4+ , Cr 3+/6+

were present in the codoped samples, then there are two possibilities for charge balance through IVCT/MVCT: (1) Cr 4+ and/or Cr 5+ must have existed transiently or permanently below the level of detection (BLD) and/or (2) multiple numbers of individual ions were involved. Both of these would serve to decrease the photocatalytic performance. Figure 3 supports these suppositions in that peak intensity decreases can be observed in this range.

Conclusions

Ce/Cr codoped TiO2 nanoparticles were synthesized using sol-gel and Pechini methods and heat treated at 400°C for 4 h. 

Figure 1 .

 1 Figure 1. Schematic of the Pechini method 5

6 Figure 2 .

 62 Figure 2. Flow chart for codoped TiO2 powders fabricated by sol-gel and Pechini methods

  photobleaching of methylene blue (MB, M9140, dye content ≥82 wt%, Sigma-Aldrich) solutions of 10 -5 M concentration.Suspensions of the sol-gel powders, Pechini powders, and Degussa P25 powder

Figure 3 .

 3 Figure 3. XRD patterns of codoped TiO2 powders fabricated by heat treatment at 400°C for 4 h: (a) sol-gel, (b) Pechini

Figures 4

 4 Figures 4 and 5 show SEM images of codoped TiO2 powders comprising the sol-gel and Pechini powders, respectively. The sol-gel powders were comprised largely of a consistent distribution of irregularly shaped and dense agglomerates, which exhibited a limited distribution density of small particles decorating the surfaces.Figure 4(d) shows a large amorphous particle in the background while Figures 4(e) and (f) show these more clearly.
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 31145 Figure 3(a) indicates that Figures 4(e) and (f) should consist solely of amorphous grains but this does not appear to be the case in Figure 4(e) owing to the presence of agglomerates.Reasons for this contradiction are that the amount of crystalline TiO2 could be below the level of detection (BLD), which

Figure 6

 6 Figure 6 shows the BET surface areas of codoped TiO2 powders comprising the sol-gel and Pechini powders. The sol-gel powders were of very low surface areas, which appeared to decrease with increasing codopant levels. At the point of structural collapse and resultant amorphization at ~5.00% Ce / 5.00% Cr, the surface area decreased to
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 6 Figure 6. BET surface areas of codoped TiO2 powders synthesized by sol-gel and Pechini methods
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 147158169 Figure 7. FETEM and SAED images of codoped TiO2 powders synthesized by sol-gel method: (a-c) undoped, (d-f) 0.10 mol% Ce/0.10 mol% Cr, (g-i) 0.50 mol% Ce/0.50 mol% Cr
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 9 Figure9shows the XPS spectra of codoped TiO2 powders comprising the sol-gel and Pechini powders. These measurements were calibrated using the C 1s (284.5 eV) spectrum of adventitious carbon, which is present in all samples.Comparison of Figures9(a) and (b) reveal that the undoped sol-gel powder had a lower binding energy than that of the Pechini powder, which typically would be considered to be indicative of the former's greater Ti 3+ (~457.0 eV 25 ]) content relative to that of Ti 4+ (~458.6 eV 25 ). This is attributed to the reduction effect from pyrolysis of the sol-gel precursor, as discussed subsequently. Increasing codopant level was consistent for both powders, for which the XRD data in Figures 3(a) and (b) revealed that codoping destabilized the lattice, resulting in gradual reduction of the binding energy. where the Ti 3+ content increased and/or the lattice was destabilized. The peak shifts were slightly larger in the Pechini powders, again supporting the conclusion that the mechanism of solubility of the Pechini method is superior to that of the sol-gel method.
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 9 Figures 9 (e) and (f) indicate that the sol-gel powders contained Cr 3+ (~576.6 eV 25 ) and Cr 4+ (~575.4 eV 25 ) while the Pechini powders contained
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 1810 Figure 10. FTIR spectra of codoped TiO2 powders synthesized by heat treatment at 400°C for 4 h: (a) solgel and (b) Pechini method (peak identifications: C-H, O-H 26 , C-O 27 )
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 2011 Figure 11 reveals that the sol-gel and Pechini powders exhibit two regimes of effectiveness in MB degradation.

Figure 3 Figure 10 .

 310 Figure 10. The reduction effect from the pyrolysis of the carbon components was reflected in the XPS data in Figure9, which indicated that the Ti 3+ concentration was greater in the sol-gel powders.Codoping caused a general reduction in the binding energies, which is consistent with destabilization of the lattice. The generation of Cr 4+ in the sol-gel powders and Cr 6+ in the Pechini powders from a precursor of Cr 3+ provides strong evidence for the origin of these valence changes deriving from the synergistic electron exchange involved in the possible IVCT and/or MVCT reactions shown in Tables6 and 7. These effects, in combination with the increase in Ti 3+ concentration from codoping (and associated mobile oxygen vacancy concentration) as well as the heat generated from pyrolysis of the polyester resin of the Pechini precursor, may have promoted the anatase → rutile transformation. Since Ce is too large to allow the assumption of either substitutional or interstitial solid solubility, the concept of integrated solubility is introduced, whereby by the Ti site and an adjacent interstice are occupied by the large Ce ion and associated contraction of the c axis, as suggested in Table 4. The photocatalytic performance data in Figure 11 show that codoping was not beneficial, which is attributed largely to the effects of crystallinity (i.e., lattice destabilization) and surface area. These data exhibit two regimes of mechanistic behavior, which are attributed the unsaturated solid solutions at the three lower codopant levels and supersaturated solid solutions at the three higher codopant levels. However, a full interpretation is clouded by the concurrent effects of five variables (three valences, carbon content, and
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Table

  

: Summary of differences between solid-state, sol-gel, and Pechini methods Method Process Homogeneity Particles

  

	Solid-State	Salt Decomposition or Oxide Reaction	 Inhomogeneous Mechanical Mixture  Variable Diffusivities -Chemical Gradients	 Agglomeration and Variable Grain Sizes  Low Surface Areas
	Sol-Gel	Hydrolysis & Condensation	 Homogeneous Sol Precursor  Risk of Segregation and Precipitation	 Agglomeration and Uniform Large Grains  Low Surface Areas
		Polyesterification of	 Homogenous Polymeric Precursor	 Agglomeration &
	Pechini	Chelated Cation	 Inhibition of Segregation and	Uniform Small Grains
		Species	Precipitation	 High Surface Areas

Table 2

 2 

provides a comprehensive summary of previous work reporting syntheses of doped TiO2 by the Pechini method; there appear to be no reports of the synthesis of codoped TiO2 powders by this method.

Table 2 : Comprehensive summary of literature on the synthesis of doped TiO2 powders by the Pechini method

 2 

	Dopant	Dopant Levels (mol%)	TiO2 Polymorphs Observed	Crystallite Size (nm)	BET (m 2 /g)	Pyrolysis Conditions	Recrystallization Conditions	Reference

  Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926

	Ag			9-11	54-83			
	Al Ce	0-10	Anatase	10-12 6-12	70-100 58-108	400°C for 2 h	--	6
	Nb			10-11	63-104			
	Al Fe	0-0.3 0-0.2	Anatase	3.5-9.7 3.5-4.2	----	350°C for 30 h	450°C for 15 h 550°C for 15 h	7
	Fe	0 0.3-3.0	Anatase + Brookite Anatase + Rutile	20-27 5-88	--	450°C for 2 h	--	8
	Zr	0.25	Anatase	4.8-14.6	25-149	400°C for 1 h	500°-900°C for 1 h	9
					4			

Table 3 :

 3 Details of analytical instrumentation

	Analytical Instruments	Acronym Parameters
	X-Ray Diffraction	XRD	PANalytical Xpert Multipurpose X-ray
			Diffractometer, CuKα, step size 0.026°
			2θ, step speed 29.07° 2θ/min
	Scanning Electron Microscopy	SEM	FEI Nova SEM 230/450, 5 kV
	Brunauer-Emmett-Teller Analysis	BET	TriStar II Plus 2.02
	Field Emission Transmission Electron	FETEM Philips CM200, 200 kV
	Microscopy		
	X-Ray Photoelectron Spectroscopy	XPS	Thermo Scientific ESCALAB 250Xi,
			500 μm beam diameter
	Fourier Transform Infrared Spectrometry	FTIR	PerkinElmer Spotlight 400

Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926 7 spectrophotometry (UV-Vis, PerkinElmer Lambda 35 UV-Visible Spectrometer, aperture 20 mm × 10 mm) at 664 nm, which is the maximal absorption wavelength of MB.

Table 2

 2 

		the Pechini powder upon initial doping decreased but
		increasing dopant levels appeared to increase
		slightly the peak intensities. Consequently, Ce
		solubility destabilized both anatase and rutile and
		does not serve as a source of nucleation sites. Since
		this effect was more significant in the Pechini
		powders, this suggests that the Pechini method
	, is the case only	provides better chemical homogeneity and hence a
	for Fe-doped TiO2. It is notable that 0-10 mol%	superior mechanism of solubility. This conclusion
	Ce-doped TiO2 annealed at 400°C for 2 h consisted	is supported by the observation of rutile in the
	of anatase only. 6 No secondary oxide phases were	Pechini powders annealed at a relatively low
	detected. The anatase peak intensities of both	temperature, which is indicative powders of greater
	powders appeared to decrease with increasing	reactivity.
	dopant levels. However, the rutile peak intensity of	

Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926 8

Table 4

 4 

	shows details of the principal anatase
	(101) and rutile (110) peaks for both methods of
	synthesis. Although no internal standard was used,
	the peak positions appeared not to shift with
	increasing codopant concentration for the sol-gel
	powders while peaks were shifted to significantly
	higher angles for the Pechini powders at codopant
	levels between 0.50% Ce / 0.50% Cr and 1.00% Ce
	/ 1.00% Cr.	Again, these data support the
	conclusion that the Pechini method provides a
	superior mechanism of solubility. Further support
	for this conclusion is present in the irregular and
	regular variations in crystallite size for the sol-gel
	and Pechini powders, respectively.

Table 4 .

 4 Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926 9 Details of codoped TiO2 powders fabricated by sol-gel and Pechini methods

		Codopant Level	XRD Peak Position A	Volume Fraction B	Crystallite Size (nm) B
		Ce (mol%) Cr (mol%)	(101)Anatase (°2θ)*	(110)Rutile (°2θ)*	VAnatase (Vol%)	VRutile (Vol%)	Anatase	Rutile
		0	0	25.27	0	100	0	49.0	--
		0.10	0.10	25.29	0	100	0	53.5	--
	Sol-Gel	0.50 1.00	0.50 1.00	25.28 25.28	0 0	100 100	0 0	53.5 39.0	----
		5.00	5.00	0	0	0	0	--	--
		10.00	10.00	0	0	0	0	--	--
		0	0	25.26	27.39	69	31	14.5	30.0
		0.10	0.10	25.25	27.39	97	3	9.5	(2.0)
	Pechini	0.50 1.00	0.50 1.00	25.25 25.33	27.30 27.36	82 78	18 22	8.5 8.0	18.0 15.5
		5.00	5.00	25.45	27.40	49	51	7.5	8.5
		10.00	10.00	0	--	0	--	--	--

A No internal standard used B Calculated by the Spurr and Myers method

[START_REF] Uekawa | Low Temperature Synthesis and Characterization of Porous Anatase TiO2 Nanoparticles[END_REF] 

Table 5 .

 5 Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57(12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926 10 c axis contraction provides the dominant distortional effect, which has been suggested previously[START_REF] Chen | Effects of Precipitation, Liquid Formation, and Intervalence Charge Transfer on the Properties and Photocatalytic Performance of Cobalt-or Vanadium-Doped TiO2 Thin Films[END_REF] . Relevant sixfold Shannon crystal radii[START_REF] Shannon | Effective Ionic Radii in Oxides and Fluorides[END_REF] 

	Cation Valence	Spin	Crystal Radius (nm)	Radius Difference with Ti 4+ (%)	Radius Difference with Interstice (%)
		4+	--	0.0745		-4.73
	Ti	3+	--	0.081	--	+ 3.58
		2+	--	0.100		+ 27.90
	Ce	4+ 3+	----	0.101 0.115	+ 35.57 + 54.36	+ 29.16 + 47.06
		6+	--	0.058	-22.15	-25.83
		5+	--	0.063	-15.44	-19.44
	Cr	4+ 3+	----	0.069 0.0755	-7.38 + 1.34	-11.76 -3.45
		2+	Low High	0.087 0.094	+ 16.78 + 26.17	+ 11.25

  Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926

	12

  Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926

	FETEM and selected area electron diffraction
	(SAED) patterns for the codoped TiO2 nanoparticles
	(undoped, 0.10% Ce / 0.10% Cr, 0.50% Ce / 0.50%
	Cr) comprising the sol-gel and Pechini powders are
	shown in Figures 7 and 8
	13

  Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926

	17

Table 6

 6 

	summarizes the four

Table 6 :

 6 Potential IVCT mechanisms from doping and codoping of TiO2

	IVCT Mechanisms	Potential IVCT Reactions
	Matrix Only	Ti 4+ + Ti 4+ ↔ 2Ti 3+ + Vo ••
		Ti 4+ + Ce 3+ ↔ Ti 3+ + Ce 4+
	Matrix and Dopant	Ti 4+ + Cr 3+ ↔ Ti 3+ + Cr 4+ Ti 4+ + Cr 4+ ↔ Ti 3+ + Cr 5+
		Ti 4+ + Cr 5+ ↔ Ti 3+ + Cr 6+
		Ce 3+ + Ce 4+ ↔ Ce 4+ + Ce 3+
		Cr 3+ + Cr 4+ ↔ Cr 4+ + Cr 3+
	Dopant Only	Cr 3+ + Cr 5+ ↔ Cr 4+ + Cr 4+ Cr 3+ + Cr 6+ ↔ Cr 4+ + Cr 5+
		Cr 4+ + Cr 6+ ↔ Cr 5+ + Cr 5+
		Cr 5+ + Cr 6+ ↔ Cr 6+ + Cr 5
		Ce 3+ + Cr 4+ ↔ Ce 4+ + Cr 3+
	Between Dopants	Ce 3+ + Cr 4+ ↔ Ce 4+ + Cr 3+
		Ce 3+ + Cr 5+ ↔ Ce 4+ + Cr 4+

  Chen, Wen-Fan, et al. "Enhancement of Ce/Cr Codopant Solubility and Chemical Homogeneity in TiO2 Nanoparticles through Sol-Gel versus Pechini Syntheses." Inorganic chemistry (2018) 57 (12), 7279-7289 DOI: 10.1021/acs.inorgchem.8b00926

	Ce 3+ + Cr 6+ ↔ Ce 4+ + Cr 5+
	19

Table 7 :

 7 IVCT and MVCT mechanisms suggested by XPS data

	Sol-Gel	IVCT	Ti 4+ + 2Ce 3+ + Ce 4+ ↔ Ti 3+ + Ce 3+ + 2Ce 4+ Ti 4+ + Cr 3+ ↔ Ti 3+ + Cr 4+
		MVCT	2Ti 4+ + 2Ce 3+ + Ce 4+ + Cr 3+ ↔ 2Ti 3+ + Ce 3+ + 2Ce 4+ + Cr 4+
	Pechini	IVCT	Ti 4+ + Ce 3+ ↔ Ti 3+ + Ce 4+ 3Ti 4+ + Cr 3+ ↔ 3Ti 3+ + Cr 6+
		MVCT	4Ti 4+ + Ce 3+ + Cr 3+ ↔ 4Ti 3+ + Ce 4+ + Cr 6+
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