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The oxidation state control of polyvalent cations within materials is a pivotal determinant of their
macroscopic properties and practical functionalities, from persistent and stress-stimulated
luminescence, to energy storage and photocatalytic activity. Nonetheless, the resulting redox state is
highly sensitive to synthetic conditions, and quantifying techniques aimed at its determination —while
of the highest importance —remain constrained by practical challenges. In the present work, two
simple and accessible wet-chemical methods for quantifying oxidizing and reductive species,
employing basic and easy-to-handle glassware and reagents, are introduced to address this issue.
After validation on analytical standards encompassing diverse chemistries, they are applied to
concrete off-stoichiometry materials of relevance—whether amorphous or crystalline—involving
various redox couples and species, from highly reductive (Eu®*, Ti*") to highly oxidizing (Ce*", Tb*").
The roles of the host composition and processing conditions in altering the redox equilibria are
discussed, and the obtained results are reinforced by the use of complementary analytical techniques.
Multiple perspectives are emphasized, including the identification and resolution of the local
environments and distributions of polyvalent cations, the isolation of high-valence species, and the
provision of key insights into multifaceted phenomena for the design of advanced materials.

Material functionality and performance are defined by an ensemble of
attributes, including chemical composition, microstructural architecture,
and defect physics. Within this context, the redox state—i.e., the relative
fraction of constituting polyvalent cations—stands out as a decisive factor,
exerting a profound influence on both local structural features and mac-
roscopic properties™. Indeed, trace amounts of one species can drastically
alter the viscosity, demixing, or optical behavior in glasses and melts, but also
introduce unique functionalities within ceramics, from persistent lumi-
nescence to magnetic response’ . Nevertheless, methodological constraints
continue to hinder its accurate quantification, thereby limiting a compre-
hensive understanding of its full potential™'’. In essence, precisely con-
trolling the fractions of polyvalent cations allows for achieving desired
material response and performances—such as electrical conductivity, or
stress-stimulated luminescence—for targeted technologies and uses (pho-
tocatalytic activity, high stimulus responsiveness, smart windows and
displays)™"' ™.

This equilibrium is extremely sensitive to the synthesis parameters—
whether temperature, environment (oxygen fugacity, reducing agents), or

equilibration time, where reductive (oxidizing) conditions obviously favor
lower (upper) oxidation states—but also to secondary processing (irradia-
tion with X-rays or UV light)"” ™. Moreover, large optical basicities,
reflecting the electron-donating capacity of the matrix, promote the oxi-
dation of polyvalent cations” ™, enabling access to uncommon oxidation
states in solid-state chemistry (Fe'", Mn®")*>***, Yet, quantifying the
interplay between synthesis temperature, oxygen fugacity, and optical
basicity on the final redox state is particularly intricate. Attempts at devel-
oping predictive models employing model compositions and redox couples
(Eu**/Eu™", Ce**/Ce’") involved experiment-heavy approaches, where the
parameter ranges still remained limited”>*".

Although essential, quantitative determinations are challenging and
curiously often overlooked, relying on techniques with severe limitations: (i)
restricted accessibility (X-ray absorption near-edge structure XANES,
extended X-ray absorption fine structure EXAFS, voltammetry), (ii) inert-
ness of active species (Mdssbauer spectroscopy, optical absorption spec-
troscopy, magnetometry, photoluminescence spectroscopy), (iii) the
necessity of extensive standardization (electron spin resonance ESR, Raman
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spectroscopy, impedance spectroscopy), or (iv) the risk of altering the redox
state during measurement (X-ray photoelectron spectroscopy
XP8)2,7711,3O,32734.

Wet chemistry emerges as the most suitable approach, combining
accessibility, high precision, and sensitivity to all redox-active species,
irrespective of their matrix, and without requiring prior standardization.
However, existing methods face limitations that prevent their ubiquitous
use, lacking precision, generalization, or sustainability. In particular, the
reported techniques (i) mostly considered solely mildly oxidizing or
reductive species (Fe**, Cu"), (ii) typically involved complex experimental
conditions (protective atmosphere) and hazardous reagents and solvents
(FeCls, NH4VO3, OsOy catalyst, HF, HNO;), and (iii) lacked standardiza-
tion and universality, with methodologies varying significantly amongst
Stud1e59,| 8,35740.

In this work, we present two unified methods—both potentiometric
and colorimetric—for promptly quantifying the redox state of inorganic
materials, even at trace concentrations of active species, namely QOS for the
quantification of oxidizing species, and QRS for the quantification of
reductive species. The general framework involves first the sample dis-
solution in the presence of quantitatively defined reactive species (1", Fe’*),
followed by titration of the reaction products (I,, Fe**) to ultimately derive
the materials’ redox states based on their chemical formula. Unlike the
above-mentioned techniques, the proposed approaches require only
minimal sample mass and basic facilities, employing readily available, cost-
effective, and safe reagents, without the need for prior sample preparation.
Following validation using analytical standards and complementary optical
absorption spectroscopy, they are applied to model multi-component and
off-stoichiometry materials, whether amorphous or crystalline, encom-
passing diverse chemistries, synthesis conditions, and optical basicities.
Specific and compounded cases—including mixed-anion matrices, three
coexisting oxidation states, and mixed redox couples—are addressed, with
the findings interpreted in the light of existing literature. Perspectives for
advancing material design and deepening the comprehension of complex
phenomena through better-defined composition-structure-property rela-
tionships are discussed.

Results

Methodology formulation

Quantification of oxidizing species (QOS). In 1946, Barthauer and
Pearce developed a wet chemistry method known as the “active-oxygen
determination” to quantify the proportions of tetravalent rare-earth (RE)
ions in precursor oxides, which are especially scarce in solid-state,
molecular, and aqueous chemistries*"*”. In essence, it involved dissolving
RE'"-bearing compounds within solutions containing reactive agents
(I") followed by titration of the reaction products (I, by $,05%), effec-
tively countering the tendency of RE*" ions to promptly reduce in aqu-
eous solutions (E3.. JRE* > E"02 /HZO)’ following"™*’:

RE™ 4207 —2RE™ +1, (B s >E°L/TT) (D)

25,07 +L,—8,0;” +2I° (B ;- >B°S,0{7/5,037)  (2)

Such electrochemical methods rely fundamentally on reduction-
oxidation processes, in which, following sample dissolution, a multivalent
cation of interest reacts with a chosen reductant or oxidant (e.g., RE*" with
I"), driven by a favorable decrease in Gibbs free energy. These reactions can
be regarded as complete when the difference in standard potentials is suf-
ficiently large (e.g., Eggs+ g+ — E°p j->0.24 V, ensuring an equilibrium
constant K> 10* for a one-electron transfer) and are not kinetically hin-
dered. In a second time, and in a similar manner, the reaction products can
be titrated (e.g., I, with S,0;”), thereby allowing deduction of the initial
concentration of RE**. Such methods are thus applicable to any multivalent
element (including transition metals, rare earths, and p-block elements),

AP*/AL’ standard potential of —1.677 V*), (ii) complete dissolution of the
sample is achieved, and (iii) the initial quantities of all species are appro-
priately defined.

Although originally confined to stoichiometric rare-earth oxides, here
we propose to extend and adapt this method to any material containing M**
oxidizing species, provided that E°\p+ e+ > E°p 1-. To illustrate this, let us
consider a model material, A,B,M, Z,, where A, B, and M represent
cations, with respective cationic fractions a, b, and m (a+b+ m =100
cat.%). Here, M is a multivalent cation (with possible valencies M’ and M*,
where y > x). The oxidized fraction f,; can thus be defined as:

f :ﬁ (3)
T T

where [M'*] and [M**] are the respective concentrations of each valency. At
last, Z is an anion for which the value z is determined by the concentrations
and valencies of each constituting ion i, generally termed wv;

= Datbvptmli oWy et A ccordingly, the formulation of the

vz
material can be represented using various conventions commonly adopted
in materials science, ranging from atomic percent (at.%), weight percent
(wt.%), to mole percent (mol.%), with the latter given by: a AVZZVA -b
B,Z, -m-f, My Z, = -m-(1—1f,)M,Z . First, the weight
fraction wt.%,,,+ of oxidizing species M'" can be quantified, such as:

100 - Vg - Cg 0,2 My

W'[.%My+ =

4

msample : (VMer - VM”)

where V. is the equivalence volume, Cg o >- is the concentration of the
titrating sodium thiosulfate solution, My, is the molar mass of the multi-
valent element, and Mgyl is the mass of dissolved model material. Then,
the oxidized fraction fx can be deduced directly from its chemical formula,
according to:

F:f—zz (avy 4 bvg + mvy ) + (aM, + bMjg + mMM)]

{(1()() . mMM) - (wL%M)ur ‘I‘ﬂMZ‘(VMYJr VMt )) :|

fox = wt.%M)’+ X

(©)

Quantification of reductive species (QRS). Building upon the QOS
method, a parallel approach can be devised for quantifying reductive
species (i.e., species prone to oxidation in aqueous media). In this
method, ferric ions are used as reactive agents to oxidize M*" ions (on the
condition that E°pe+ jpa+ > E°\p+ s+ ) and prevent their oxidation with
the ambient atmosphere. The resulting reaction products are subse-
quently titrated (Fe’* by Ce*"). Taking Cu™ as a representative example,
the reactions write:

FeS+ + Cll+ — F€2+Cu2+ <E0F63+/Fe2+ > EOCUZ+/CH+> (6)

Fe’t + Ce'" — F" + Ce™ (Bl gor >Blo pes)  (7)

This methodology even allows for the determination of species whose
standard potential lies outside the electrochemical window of water
(E° v+ japr <E°yejpp,)- The weight fraction wt.%y+ of reductive species
M**, as well as the corresponding reduced fraction f 4 can thus be quan-
tified as:

100 - Vg - Ceerr - My

provided that: (i) no competing ions in the matrix react with the selected Wt Yoy = ®)
reagent (e.g., AI’" from aluminates cannot react with I, owing to the small Memple * (Ve = Vaeet)
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fred =1- fox = Wt. %+
W—ZZ (av, + bvg + mvype ) + (aM, + bMg + mMM)} ©)

[(100 . mMM) + <Wt'%“4‘+ ™My (V- “’MH)H

vz

where Cg .+ is the concentration of the titrating ceric sulfate solution.

The selection of the appropriate method is therefore determined by
considering the standard potential and corresponding Pourbaix diagram of
the species involved*: The QRS method is suitable for ionic species that are
susceptible to oxidation in aqueous solutions (E°pp+/\p+ <077V, eg,
Eu’", Cu™, Sn*"), whereas the QOS method is ideal for species that are prone
to reduction (E°\py+ e >0.545V, eg, Cr*", Ce**, Tb*"). Together, they
allow for the determination of the oxidized fraction of materials containing
polyvalent cations, regardless of the standard potential of their redox cou-
ples (see Supplementary Fig. 1).

Presentation of the apparatus and validation of the methods

The versatile experimental apparatus designed for redox quantification is
illustrated in Supplementary Fig. 2a. Comprising simple components (thus
eliminating the need for commonly used platinum or Teflon containers)
and operating without the need for a protective atmosphere, it is suitable for
both The Quantification of Oxidizing Species (QOS) and Quantification of
Reductive Species (QRS) wet chemistry methods. A condensed workflow
chart summarizing the experimental procedure across various chemical
matrices and redox couples is provided in Fig. 1, with the corresponding
logic tree presented in Supplementary Fig. 1. A preconfigured calculation
sheet (Supplementary Data 1), featuring two representative cases, is avail-
able in the Supplementary Information. Briefly, samples are dissolved in the
presence of reactive agents (I, Fe*"); following complete reaction with the
active species, the reaction products (I, Fe’") are titrated (with S,05” or
Ce'*, respectively), therefore enabling, following blank determination (as
presented in Supplementary Fig. 3a—f), the subsequent calculation of the
material redox state. A typical redox quantification involves small quantities
of samples and readily accessible non-hazardous reagents (from tens to
hundreds of milligrams). An entire experiment, from sample dissolution to
equivalence volume determination, is completed under 30 min at a total
reagent cost at a few-euro scale, ensuring a methodology that is simple, non-

toxic, rapid, environment-friendly, as well as resource- and cost-effective.
Comparative workflow charts and tables, emphasizing the capabilities of the
framework (e.g., combination of universality, accessibility, and sampling)
relative to existing means of redox state quantification—be they spectro-
scopic or chemical—are provided in Supplementary Fig. 4 and Supple-
mentary Table 1. Furthermore, the equivalence volumes, reflected by a
pronounced color shift during titration (with or without an indicator, as
shown in Supplementary Fig. 2b, ¢) can also be deduced using a com-
plementary potentiometer, thereby enhancing the precision of the proposed
methods, with analytical uncertainties (as detailed in the Supplementary
Information, from Supplementary Equations (1) to (17), and integrated into
the preconfigured calculation sheet) typically lying within 2-3% of the
determined oxidized (or reduced) fraction.

Considering two model cases for the QOS and QRS methods (PrsO;;
and Cu,O, respectively), the measured potentials align with theoretical
expectations derived from the Nernst equation, and the determined
equivalence volumes—as well as the corresponding oxidized fractions—are
in agreement with the expected redox states of the analytical standards
(presented in Fig. 2a, b and Fig. 2¢, respectively). Extending these methods to
additional analytical standards of varying chemistries confirms their suit-
ability to oxides, nitrides, and fluorides, enabling the probing of their redox
state even when the corresponding standard potential lies beyond the
electrochemical window of water (which extends from 0 to 1.23 V in acidic
conditions). Repeated measurements on SnF, (as seen in Supplementary
Fig. 5a, b) yield accuracy and precision values (following application of
Supplementary Equations (18) to (21)) of 99.7 and 0.4%, in good agreement
with the calculated expanded uncertainty (+1.7%), thereby confirming the
method’s reliability. While their applicability to other halides (chlorides,
bromides) is anticipated based on the involved redox couples®, the methods
are found unsuitable for sulfides (as illustrated with the examples of FeS and
Cu,S in Supplementary Fig. 6a-d). This limitation arises from the wide
range of concurrent redox reactions (with standard potentials ranging from
0.54 to —0.17 V) involving multiple sulfur species—which readily engage in
side reactions with Fe’" and I,—therefore suggesting limited applicability to
other chalcogenides. The agreement in deduced oxidized fractions using
both methods for Fe-bearing standards further confirms their reliability and
validity. Note that in cases of multi-component materials or small con-
centrations of active species, slight deviations from expected absolute

1. Upstream 2. Preparation 3. Solution 4. Equivalence 5. Final
considerations  and dissolution titration validation calculations
A. Applicability A. Sample form A. Titrating A. Blank titration A. Redox state
check o Finely powdered solutions O QOS: perform after determination
? Oxides, nitrides, L o QOS: S,0,2 each experiment Through the provided
halides, and mixed B. Sample weighing [ (5 QRs: Ce#* O QRS: perform only if general framework

anion systems

B. Prerequisites
? Defined cationic and
anionic composition

C. Method selection

? Quantification of
oxidizing species:
QOS, E° > 0.545 V

? Quantification of
reductive species:
QRS, E°<0.77 V

= Proceed to step 2

o 15-150 mg

C. Reactive agents
o QOS: I~ asKiI
o QRS: Fe®* as Fe,0,
o Introduce a 20-fold
(or 100-fold) excess

D. Dissolution
Atmosphere: air
Solvent: HCI
Temperature: 100 °C
Time: 10 minto 2 h

O 00O

= Proceed to step 3

B.1. Colorimetry
o QOS: yellow to
colorless; deep blue
to colorless (starch)
o QRS: colorless to
yellow; deep red to
cyan (ferroin)

S®

B.2. Potentiometry
o QOS and QRS:
inflection point

J\/V'

= Proceed to step 4

dissolution time
exceeds 1 h

B.1. Poorly defined
equivalence volume
? Too small (<5 mL)

or large (> 20 mL)
o Adjustinitialquantities
= Proceed to step 2

B.2. Resolved
equivalence volume
? Close to 10 mL

= Proceed to step 5

Determination of
oxidized and
reduced fractions

OQ

B. Uncertainties
evaluation
With the
preconfigured
calculation sheet

Fig. 1 | Conduction of redox state quantification experiments. Workflow chart for redox state quantification utilizing the QOS (Quantification of Oxidizing Species) and

QRS (Quantification of Reductive Species) wet chemistry methods.
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Fig. 2 | Presentation and validation of the QOS and QRS methods. Calculated and measured potentiometric curves with corresponding second derivatives for a PrsOy,
(QOS method), and b Cu,O (QRS method). ¢ Expected and measured oxidized fractions for various analytical standards using the QOS and QRS methods.

potential values and associated shift sharpness can be observed. Therefore,
normalizing the collected data and determining equivalence volumes
through second derivative calculations is recommended for consistency (as
shown in Supplementary Fig. 7a—c).

Nevertheless, certain limitations of the present methods must be
acknowledged. These include (i) the occurrence of side reactions, which may
lead to over- or underestimation of equivalence volumes, and (ii) the
quantification of active species within corrosion-resistant matrices. The first
limitation arises from either reactive elements within the material matrix
(e.g., sulfur in sulfides, as previously discussed) or solvated oxidizing or
reductive species (e.g., electrons in reduced CaO-ALO; glasses)”. Note,
however, that large concentrations of such solvated species—e.g., exceeding
the concentration of anionic vacancies accommodating the reduction of a
multivalent element****—can only be achieved under extreme reducing
conditions (PO, ~ 107**atm), far from conventional Ar or N,:H, atmo-
spheres. The second limitation pertains to matrices in which hydrochloric
acid does not achieve appreciable dissolution within reasonable experi-
mental times, as in fused silica. The proposed adaptive framework remains
valid in these cases, with dissolution conditions (acid type, temperature, and
duration) modifiable to suit challenging samples. The adaptability of the
approach, which will be presented later (see Eq. (11)), further allows
extension to complex sample formulations by modifying Egs. (5) and (9),
including materials with atomic-level vacancy concentrations (when
quantitatively determined, though even large vacancy concentrations alter
the redox state by only ~1%) or materials containing solvent molecules (e.g.,
hydrates).

Application to off-stoichiometry materials

Following the validation of both methods using analytical standards, their
application can now be extended to off-stoichiometry materials (e.g., glasses,
glass-ceramics, doped ceramics). Hereafter, the results obtained (and shown
in Supplementary Fig. 8a—e) from applying the QOS and QRS methods to
multiple glasses and crystals, doped with varying types and concentrations
of multivalent cations and synthesized under diverse conditions, are dis-
cussed. For instance, an oxidized fraction of 20.0 + 0.6% is measured for a
Ce-doped aluminosilicate glass, in agreement with XANES analyses
reported in other works where an oxidized fraction of 19 + 3% was deter-
mined for the same selected composition'®. On the one hand, high oxidation
states of manganese with characteristic photoluminescence properties were
recently evidenced in glasses and crystals”*"'. Using the QOS method, a
high Mn®" fraction of 78.9 + 1.7% (i.e., a mean v+ — Ve difference of
4.58-2 =2.58 for f,x =100%) is obtained for a Mn-doped 68 Na,O - 32
B,O; glass (mol.%), whereas Mn’" and Mn®' fractions of 26.0 and

74.0 £ 1.6% respectively are identified in a Mn-doped 50 SiO, - 40 Cs,O -
10 BaO glass (mol.%). On the other hand, the reduced fraction of Eu** in
phosphors is rarely quantified, despite its critical consequences on their
persistent luminescence and mechanoluminescence properties. By applying
the QRS method, reduced fractions of 96.1 +1.9% and 91.0 + 1.8% are
determined for Ba,SisO;¢:Eu*", Ho’* crystals (from ref. 52) and commercial
SrALO.Eu™t, Dy*", respectively. These results align with the few existing
"'Eu Méssbauer spectroscopy analyses of Eu-doped oxides synthesized
under similar conditions (N,:H, atmosphere), where the Eu’" fraction
ranged from about 90-95%***. Both methods thus yield oxidized fractions
consistent with other analytical techniques in but a single experiment,
eliminating the need for sequential measurements (e.g., first determining the
Fe’* content before total Fe content in Fe-bearing materials) which are not
only time- and resource-intensive but also unsuitable for specific species
(Eu*", Tb*"). Moreover, complete sample dissolution is confirmed even for
SiO,-rich compositions, as evidenced by the invariance of the measured
oxidized (or reduced) fractions with respect to both sample mass and dis-
solution time (shown in Supplementary Fig. 91a, b). Yet, when non-
negligible volatilization occurs during sample synthesis (e.g., K,O, Rb,0),
appropriate preliminary measures must be undertaken to ensure the exact
cationic composition is used for final calculations (energy dispersive X-ray
analysis, EDX, electron microprobe analyzer EMPA). Using the NaB series
as a representative example, major compound volatilization of ~5mol.%
would result in tolerable oxidized fraction misestimations of less than 5% of
the measured value.

The logarithm of the reduced-to-oxidized species ratio R,
log(R = [M**]/[MY*]), for various glass matrices and associated redox
couples is plotted against the corresponding standard potential E° in aqu-
eous solutions in Fig. 3a. The corresponding glass compositions and oxi-
dized fractions are provided in Supplementary Table 2 and Supplementary
Table 3, respectively. Over the investigated range, log(R) increases
approximately linearly with E° irrespective of the glass matrix, though some
discrepancies are observed and will be discussed in the following section. For
conventional glasses with optical basicities (Ay,) ranging from 0.50 to 0.65,
comparable amounts of both species are typically observed when E° ranges
from 0.3 to 2.0 V, whereas only small quantities (a few percent) of oxidizing
(reductive) species are noted for larger (smaller) E°. Indeed, E° reflects the
tendency of a chemical species to gain electrons. Although absolute values
vary across glass-forming melt compositions, a systematic linear relation-
ship between E° in aqueous solutions and E° in glass-forming melts was
observed, supporting the use of E° in aqueous solutions as a representative
parameter regardless of the host matrix™. It therefore plays a major role in
redox state control, as a 1 V change in E° can substantially alter the oxidized
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a Logarithm of the reduced-to-oxidized species ratio, log(R), against the corre-
sponding standard potential in aqueous solutions, E°\y+ s+, for the investigated
glass series. Oxidized fractions derived from the QRS method are represented by
half-filled symbols, whereas those from the QOS method are indicated as filled
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symbols. Outliers (discussed in the main text) are depicted in lighter shades. E°
values are taken from ref. 43, while estimated values of E° for the Tb*"/Tb** and Pr**/
Pr*" redox couples are selected from ref. 73. b Oxidized fraction of several redox
couples within glass matrices of varying optical basicities. Variations in matrix
optical basicity resulting from the introduction of dopants are considered™***.

fractions by an order of magnitude. Likewise, variations in oxidizing con-
ditions amongst the glass series—matrix optical basicity, synthesis tem-
perature, and oxygen fugacity—result in similar shifts. This is demonstrated
in Fig. 3b, where an exponential—or rather sigmoidal—increase in oxidized
fraction is observed with increasing optical basicity (or increased mean
cationic polarizability) of the host matrix (from phosphates to silicates,
borates, and aluminates). This concurrent interplay highlights their col-
lective importance in achieving desired redox states. As such, the present
dataset provides a fundamental framework for the rational design of
material formulations with tailored properties to meet targeted applications.

Certain deviations from strict linearity are attributed to intrinsic
aspects of redox state physicochemistry. Specifically, (i) variations in redox
equilibrium sensitivity of each redox couple to distinct oxidizing conditions
(e.g., higher sensitivity to temperature variations than to changes in optical
basicity)>*****, (i) the ubiquitous behavior of the Cu’"/Cu’ redox
couple, which, for a given temperature, demonstrates an opposite depen-
dence on optical basicity with respect to other redox couples, as discussed in
ref. 22, (iii) disproportionation reactions occurring when three or more
oxidation states coexist in the system (e.g., V>*/V**/V**)*****’ and (iv) redox
couples involving multi-electron transfer processes (e.g., Ct*"/Cr’", Sn**/
Sn®"), where equilibrium constants and reduced fractions are inherently
larger than in single-electron transfer reactions™**”.

Looking at the limits of the investigated E° range, even highly oxidizing
or reductive species (Tb*", Nb*")—only achievable in large fractions
through ultrafast laser irradiation, and often challenging to properly
assess'””—can be quantified in trace amounts using the proposed methods
(as exemplified for Yb** and Pr*" in Supplementary Fig. 10a-f). By
extending the observed general trend to extreme values of E°, it is expected
that a few tens of ppm of Nd** and Dy** (E°=5.0 and 5.2 V, respectively)
and a few hundreds of ppm of Sm** and Yb** (E°= —1.55 and —1.05V,
respectively) are present in conventional glasses, species that are observed as
major components only in a limited number of crystals or under extreme
conditions**’. Where unusually high oxidation states were achieved in
specific glass hosts (Ni**, Pb*")*", it is anticipated that combining (i)
appropriate glass matrices with exceptionally large optical basicities (in
TeO,-rich compositions, or in particular in the Cs,O - B,O; chemical
system, which can accommodate alkali concentrations up to 73 mol.%

oxidizing species (Cu’*, Mn’"), providing unique physicoelectrical prop-
erties and stimulus responsiveness (akin to these of Mn®>" and Mn®")”*>*,

Standardization of complementary analytical techniques

Unlike other analytical techniques, the QOS and QRS wet-chemical
methods can be applied to any active species even down to trace amounts,
provided that (i) the electrode sensitivity is sufficient, and (ii) the sample
fully dissolves during the experiment. As a matter of example, oxidized
fractions in glasses with nominal Fe concentrations as low as 0.02 at.% (or
200 ppm) can be measured for the NaB and NaP series, respectively (see
Fig. 4a). Where the oxidized fraction remains nearly independent of Fe
concentration in the NaB series, it oppositely significantly increases from
about 80-87% in the NaP series as the Fe concentration increases by over
two orders of magnitude (from 0.02 to 4.0 at.%). This difference arises
because the optical basicity of the NaB matrix is already very large relative to
that of the NaP matrix (Ay, =0.71 and 0.52, respectively), indicative that
further increase in optical basicity following Fe,05 addition (A, = 1.04) has
but limited consequences on the final redox state.

In essence, these methods provide a reliable reference for standardizing
other techniques (XANES, XPS, ESR, Raman spectroscopy), thereby over-
coming their inherent inaccuracies in redox state quantification while
harnessing their characteristic advantages (spatial resolution, selectivity
toward specific active species, sensitivity to environment-dependent elec-
tronic transitions, and short to medium range structural order). The
representative case of optical absorption spectroscopy is selected, for which
the spectra of the NaP-Fe series are presented in Fig. 4b. They consist of
three prominent absorption bands: (i) one at ~23,000 cm ™", corresponding
to the °A;(S) — *T, transition of Fe*', whereas (ii) two at ~9500 and
~5000 cm™" are assigned to the “T,,(D)—’E,(D) and E(D) — *T(D)
transitions of Fe*' in octahedral and tetrahedral coordination,
respectively””. Using the determined oxidized fractions and thus the con-
centration of active species C, the molar extinction coefficient € associated
with each electronic transition can be derived from the measured absorption
coefficient « (i.e., absorbance A divided by the sample thickness d) following
Beer-Lambert’s law. For Fe*"-related transitions, this writes:

corresponding to a Ay, of 0.95%) with (ii) extreme oxygen fugacities'®, could o= A_ e.C—¢- 10 - wt.%ge+ X p (10)
enable the attainment of previously unobtainable large fractions of highly d M
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concentration. Fe'"- and Fe’*-related electronic transitions are highlighted. Slight
deviations at small wavenumbers are ascribed to residual water. ¢ Concentration-
and host-dependent molar extinction coefficients of Fe*"- and Fe*"-related elec-
tronic transitions. Values obtained in the present work are shown with symbols, and
those from literature with dashes™**”*'~**, The absorption coefficient values for Fe-
bearing NaP glasses at low doping levels are too small and therefore not indicated.

where p is the sample density. Although the measured ¢ are of the same order
of magnitude as those reported for phosphate glasses, it is evident that
preliminary redox state determinations—for instance using wet chemistry
methods—are imperative before interpreting optical absorption spectra to
avoid erroneous quantification (as shown in Fig. 4c). On the one hand, non-
linearity in Beer-Lambert’s law is known to arise beyond a certain saturation
threshold (as seen for instance for &(5T,, (D)— 5Eg (D))®. On the other
hand, the host matrix—and thus the ligand field strength—play a critical
role, as reported € values vary by more than one order of magnitude between
silicate and phosphate glasses™>”*'~**. Ultimately, once the redox state is
properly calibrated, optical absorption spectroscopy (and other spectro-
scopic techniques) effectively become powerful tools for probing in situ the
local environment and distribution of active species (clustering, partition-
ing, first coordination sphere, bonding type), whether within glasses,
ceramics, or glass-ceramics—aspects that remain partly unresolved and
continue to stimulate numerous research endeavors'******¢>%,

Adaptation to specific cases

Although both the QOS and QRS methods are found suitable for crystalline
and amorphous off-stoichiometry materials of various chemistries, there are
a few intricate cases that require minor modifications due to the complexity
of the considered systems, while keeping the general methodology valid and
applicable. Among those cases are: (i) mixed anion matrices, (ii) three
coexisting oxidation states, and (iii) mixed redox couples. For the former
(e.g., oxynitrides, oxyfluorides), it is necessary to assess the anionic com-
position beforehand, typically through EMPA or using a Leco® analyzer.
From there, the equations for determining f,, and f..q are rearranged
appropriately. For instance, if Z and Q represent anions with anionic frac-
tions fz and fq (where f; + fq = 1), then the expression for fr.q becomes:

freq = Wt.%0ppe+
My 4 foM b My, + mM
{ ( > + o )x(aVA+ VB+vay-) + [aMA+ g+ m M}}

(10 T )= (5 )]
(11)

When applied to an 36.7 BaO - 57.6 SiO, — 1.7 SizN, - 3.0 EuO - 1.0 Ho,0;
(mol.%) oxynitride glass (with 4.1 an.% of N, from ref. 69), this yields a
reduced fraction in Eu** of 90.8 + 1.8% (see Supplementary Fig. 8f). Such a
significant reduction rate is expected stemming from the reductive character
of oxynitride glass-forming melts, where Eu’* reduction to Eu** with SisN,
(which acts as a reducing agent) becomes thermodynamically feasible
starting from ~1200 °C”.

Then, in instances where three oxidation states coexist in a material,
comproportionation reactions occur upon dissolution in aqueous
media®™*”***, For example, in a V-bearing system, this writes:

V5+ =+ V3+H2V4+ (E§>75+/V4+ > E:,4+/V3+) (12)
The remaining ionic species present in solution after dissolution are
strictly determined by the choice of reactive agents, in conjunction with the
initial [V**] to [V>*] ratio. The QRS method is used here as a representative
case, with calculated potentiometric curves corresponding to various sce-
narios presented in Fig. 5a-c. Here, if [V’*] > [V*'], then the excess of
unreacted V>* ions will promptly react with Fe’* ions in solution as

follows™:
V3 4 Fe*t — Vi 4 Ret (13)

(E;e“‘/FeZ* > E%«- /V3+)

In this framework, the first equivalence volume V() corresponds to
the oxidation of the formed Fe’* ions, whereas the second equivalence
volume V) (to which V) is subtracted) accounts for the oxidation of
the total V*" ions in solution (and can be estimated based on the nominal V
concentration). Although quantitative assessments of redox states cannot
rely solely on these values, V) and V;)/Vey) serve as qualitative
indicators of the [V*'] to [V>'] ratio, and of the [V*"] to total vanadium
concentration ratio, respectively. As such, they are valuable tools in estab-
lishing both upper and lower concentration bounds for each species, con-
tributing significantly to further resolving complex spectra. Assuming that
the fraction of one out of the three species is known, the redox state of such
intricate systems can be fully inferred. In the case of a V-bearing material
where the relative concentration in [V’'] is known, the following
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expressions can be derived from the corresponding reaction progress table
(presented in Supplementary Table 4 and detailed in Supplementary
Equations 22-31):

(14)

¢ 1—2[V3+]+ Veq(l)/Veq(z)
4- 3- =
ox(V*/V3T) 1—[V3+]+ Veq(l)/veq(z)

AP
Veq(Z)

<[v4+] =1+

[V3+] = Vey/ Ve

fox(V“/V“*) = 1— [V3+]

<[V5+] =[V3+]— %) (15)

eq(2)

When such estimations are unavailable, or if the successive potential shifts
during titration are subtle—especially at trace levels of active species—
another option is using additional spectroscopic techniques. Here, the
measured potentiometric curves of the NaP-V and NaP-R-V glasses are
shown in Supplementary Fig. 11a, b, while their optical absorption spectra
are presented in Fig. 5d, e, where the characteristic d-d electronic transitions
of vanadium species are observed. The measured ¢ aligns with literature
values ranging from 8 to 26Lcm 'mol’, and the V** fraction is
approximately twice as large in the reduced glass (NaP-R-V), thereby
confirming the reliability of the methods™**”". Therefore, coupling wet
chemistry with spectroscopic techniques simplifies data processing and
interpretation, which is particularly beneficial in convoluted systems with
overlapping signals or inactive species.

At last, the QOS and QRS methods are inherently non-selective and
thus cannot, by themselves, be reliably applied to materials bearing
multiple redox couples (e.g., Fe’*/Fe’" together with Mn**/Mn*"), as is
often the case with geologic materials or antique glasses”"””. Nevertheless,
as previously discussed, these methods can be used to standardize more
selective analytical techniques, becoming particularly valuable in complex
systems involving multiple redox equilibria. A representative case is
presented using three glasses with total cationic contents of 1 cat.% Fe
(NaP-Fe), both 1 cat.% Fe and 1 cat.% Mn (NaP-FeMn), and 1 cat.% Mn
(NaP-Mn). Their corresponding potentiometric curves and optical
absorption spectra are depicted in Fig. 6a—c and Figs. 2 and 6, respectively.
In the NaP-Fe sample, the characteristic Fe-related d-d electronic tran-
sitions are observed, while in the NaP-Mn sample, transitions attributed to
Mn™ and Mn** are evidenced, namely °E (D) — 5T2g(D) at

~21,000 cm ™' and 6A1(S) — 4A1(D)/4E(D) at ~24,000 cm ', respec-
tively. Interestingly, the Mn’*-related transition vanishes entirely in the
NaP-FeMn spectrum, accompanied by a marked decrease in the intensity
of the Fe**-related bands. In fact, oxidized fractions determined via the
QOS method yield values of 82.2+1.6% for the NaP-Fe sample and
5.8 +0.1% for the NaP-Mn glass. From these two insights, molar extinc-
tion coefficients are achieved: e(*Eg(D) — *T,4(D)) =22+ 1 Lcm ™' mol ™
and £(6A1(S) — 4A1(D)/4E(D)) = 0.09 + 0.01 Lcm ™" mol ™, which fall
in the (particularly wide) range of € reported in the literature, extending
from 20 to 135Lcm 'mol™' and from 0.04 to 0.5Lcm ' mol™,
respectively”””*"*>, By reinjecting the acquired ¢ into the collected NaP-
FeMn spectrum, an oxidized fraction of 86.6 + 2.5% is derived for the Fe**/
Fe’" couple. From this, it becomes evident that Mn** and Fe’" stoichio-
metrically react until completion in the glass-forming melt, following:

Mn*" + Fe?* — Mn?*" + Fe** (16)

o o
(EMn” /M > EFeH/FeH)

Although such a methodology necessitates preliminary determinations
using single redox systems of comparable compositions, it proves decisive in
preventing any misestimation of the active species of interest, while allowing
for the calibration and subsequent probing of environment-dependent
redox reactions and equilibria within glass-forming melts and asso-
ciated media.

Discussion

Two wet-chemical techniques for quantifying the redox state of materials
were developed and subsequently validated utilizing analytical standards
from diverse chemical systems, encompassing both oxidizing and reductive
species. Utilizing simple, portable instrumentation and nontoxic, readily
available reagents, these methods demonstrated high precision and versa-
tility across a broad range of host compositions, crystallization rates, and
redox couples. Their reliability was corroborated through concordance with
complementary analytical techniques, yielding a robust dataset valuable for
advancements, particularly in glass science.

Despite being destructive, the minimal reagent and sample quantities
required (typically tens to hundreds of milligrams) render the techniques
well-suited for laboratory-scale investigations. Their procedural simplicity,
which obviates the need for preparatory steps (cutting, polishing, sputter
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Fig. 6 | Wet-chemistry-assisted redox state quantification in systems with mixed
redox couples. Normalized potentiometric curves and associated second derivatives
during the titration of NaP glasses doped with a 1 cat.% of Fe (NaP-Fe), b 1 cat.% of
Fe and 1 cat.% of Mn (NaP-FeMn), and ¢ 1 cat.% of Mn (NaP-Mn). While the

titration curve of the NaP-Mn sample is shown alongside those of the NaP-Fe and
NaP-FeMn samples under comparable experimental conditions, its exact oxidized
fraction was determined independently in an additional experiment to ensure a well-

Wavenumber, v (cm™)

resolved equivalence volume. Optical absorption spectra of d NaP-Fe, e NaP-FeMn,
and f NaP-Mn. Fe’'-, Fe**-, Mn’*-, and Mn**-related electronic transitions are

highlighted. Slight deviations at small wavenumbers are ascribed to residual water.
Photographs of the NaP-Fe, NaP-FeMn, and NaP-Mn samples are presented in the
insets, highlighting the characteristic yellow, light orange, and purple colors of Fe**-,

Mn**-, and Mn’"-containing glasses, respectively*'.

coating), combined with the rapid determination of equivalence volumes via
potentiometry or colorimetry, positions them as promising candidates for
high-throughput implementation through automation using integrated
absorption spectroscopy or potentiometric systems. In addition to
redox quantification, the methods offer environmentally relevant
applications, including the passivation of hazardous species (Cr*") and the
selective recovery of raw materials through sequential pH-controlled
precipitation.

The Quantification of Oxidizing Species (QOS) and Quantification of
Reductive Species (QRS) methods provide considerable value in spatially
and energetically resolved spectroscopic techniques by addressing redox
state misestimations and improving signal interpretation through stan-
dardization. This, in turn, facilitates deeper investigations into the local
structures of polyvalent cations, an area of ongoing scientific debate and
interest. These methods are particularly relevant for studies involving off-
stoichiometry materials such as glasses, thin films, or doped crystals, where
the interplay between complex chemical composition, structure, and
material properties is often non-linear and difficult to predict. In these
systems, even minor changes in redox state—and the resulting changes in
local structure and induced vacancies—can substantially alter charge carrier
mobility and trapping dynamics. Such insights are crucial for advancing the
understanding of complex phenomena and the corresponding mechanisms
(photoinduced conductivity, persistent luminescence).

In essence, integrating precisely defined redox states within material
design can further enhance their tunability, enabling access to exceptional
properties and unique features through combined control over the redox
state, crystallization architecture, and defect distribution and concentration.
These approaches find broad applicability across material science research
and applications, ranging from tailored surface and bulk properties to high
stimulus responsiveness and introduced functionalities.

Methods

Sample preparation

Four series of glass compositions encompassing broad ranges in silica
content (up to 66.7 mol.%), optical basicities (from Ay, = 0.52 to Ay, = 0.73),
synthesis temperatures (from 1100 to 1600 °C), and high dopant solubility

limits (up to 10 cat.%), were selected. Their formulations, optical basicities,
and corresponding investigated dopants and doping ranges are summarized
in Supplementary Table 2. A supplementary glass series, NaP-R, was con-
sidered to examine the consequences of reducing conditions by introducing
an excess amount of sugar as a reducing agent, equivalent to twice the
stoichiometric amount for complete dopant reduction. Each series was
doped with different concentrations of dopants while maintaining the ori-
ginal cationic ratios of the parent glass (e.g., Na/P = 1 for doped NaP glas-
ses), except for the LS series where the dopants stoichiometrically substitute
for Si. Glass batches were prepared from analytical grade raw materials:
Na,CO; (Carl Roth, 99.5%), (NH,),HPO, (Carl Roth, 97%), Li,CO,
(Chemapol, 99.5%), SiO, (Reachim, 96%), H;BO; (Merck, 99%), CaCO,
(Merck, 99%), AL,O; (Pengda Munich, 99.99%), MgO (Acros, 97%),
Cs,CO; (Fluka, 98%), BaCO; (Merck, 99.9%), TiO, (VK labor, 99%), Cr,O5
(Laborchemie Apolda, 99%), MnO (Aldrich, 99%), CoCO; (VK labor,
99%), CuO (HB labor, 99%), Nb,O5 (PEAXVIM, 99%), MoQOj; (Reachim,
99%), SnO, (VEB Berlin-Chemie, 99%), Eu,0O5 (Projector, 99.999%), Yb,05
(Projector, 99.99%), WO; (Bergbau und Hiitten, 99%), and Bi,O; (Merck,
99%). Appropriate quantities of each reagent were thoroughly weighed and
mixed to ensure proper homogeneity. For the LS and CAS series, the batches
were first calcined at 1000 °C for 6 h to facilitate complete gas release. The
obtained mixtures were then melted in Pt-Rh crucibles at 1400 and 1600 °C
for 1h (air atmosphere), respectively. A subsequent 0.5 h homogenization
step was applied under identical conditions post-casting. In the case of the
NaP and NaB series, the mixed starting materials were melted in alumina
crucibles at 1100 °C for 1 h (air atmosphere) to ensure homogeneity while
preventing elemental losses. The resulting melts were ultimately cast into
carbon molds, or splat-quenched between copper plates for large dopant
concentrations (>2 cat.%) before final annealing at 400 °C (LS series) or
750 °C (CAS series), and subsequently stored in a desiccator. Moreover,
glass compositions reported in recent works—where either (i) the redox
state was characterized by XANES spectroscopy (a Ce-doped aluminosili-
cate glass)", or (ii) elements in uncommon oxidation states were evidenced
(e.g, Mn®" and Mn*" in the 32 B,0; - 68 Na,O and 50 SiO, - 50 Cs,O - 10
BaO chemical systems, respectively)—were also prepared, employing
identical experimental conditions™”.
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Physical characterization

X-ray diffraction (XRD) measurements were performed on powdered glass
samples to ensure their amorphousness using a Rigaku Miniflex 600 dif-
fractometer with CuK, radiation (1.54056 A) in the 5-80° 20 range with a
5°mm" scan speed.

Differential scanning calorimetry (DSC) measurements were carried
out using a Netzsch STA 449 F3 Jupiter instrument to define the annealing
temperatures. Bulk samples were loaded in a platinum crucible, and sub-
sequently heated under N, flow with a heating rate of 10 K min .

The specimen density was determined by the Archimedes method at
25 °C utilizing ethanol as the solvent (p = 0.78806 g cm ™).

Optical absorption spectra were collected in the 200-3000 nm range
using a double-beam UV-Vis-NIR spectrophotometer (Agilent Cary 5000),
and specimens preliminarily polished to optical-grade quality.

Redox state quantification

As furnished KI (VK labor, 99.5%), (NH,),Fe(SO,),-6H,O (Merck, 99%),
Na,S$,03-5H,0 (Merck, 99.5%), starch (Chemapol, 99%), Fe,O5 (Aldrich,
99%), Ce(S0y),-4H,0 (Laborchemie Apolda, 99.8%),
Sro.95Eu0,02DY0,03A1L,04 (Aldrich, 99%), borofloat® 33 glass doped with
15ppm Fe (Schott AG, Jena, Germany), and 0.025M ferroin (Thermo
Scientific) raw materials were used, along with 12 M HCI (Carl Roth) and
18 M H,S0, (Carl Roth) acids. Analytical standards included: TiN (Johnson
Matthey, 99%), V,0s (Merck, 99%), MnO, (Riedel-de Haén, 95%), Fe;0,
(VK labor, 99%), FeS (Thermo Scientific, 99.9%), Co30,4 (VK labor, 99%),
Cu,O (Aldrich, 97%), Cu,S (Thermo Scientific, 99.5%), SnF, (Aldrich,
99%), CeO, (Projector, 99.99%), PrsO;; (Projector, 99.99%), and Tb,0,
(Projector, 99.99%). Materials elaborated in previous studies were also used,
including a Ba; sEuy 3H0y ,Si501 55 phosphor, and a 36.7 BaO - 57.6 SiO, -
1.7 Si3sN, - 3.0 EuO - 1.0 Ho,O; glass™*. All experimental procedures were
conducted under a fume hood, using iron-free borosilicate glassware and
distilled water. Considering instances involving extremely low amounts of
active species (tens of ppm) and correspondingly very dilute titrating
solutions, the use of chemically inert containers (e.g., Teflon) is recom-
mended to minimize contamination during the dissolution steps. It should
be noted, however, that in such dilute media, longer equilibration times are
required during titration after each incremental addition of titrant to achieve
complete reaction of the analyte. This behavior arises from the nature of the
reaction (non-zero order) and the associated kinetics, as exemplified in
Supplementary Fig. 12a-d for borofloat® 33 glass doped with 15 ppm of Fe,
analyzed using the QRS method. To achieve rapid yet precise titrations
under optimum conditions, a titrant concentration of no less than 10°M
should thus be employed, ideally with small analyte volumes ranging from
50 to 350 mL, in conjunction with suitable indicators (e.g., starch, ferroin).
To prevent concentration variations due to prolonged storage, all solutions
were freshly prepared on the day of each experiment. Hydrochloric acid was
chosen over other inorganic acids to ensure quick sample dissolution at high
temperatures while avoiding undesired redox (HNO;, H,SO,4) or pre-
cipitation (HF) reactions. For silica-rich samples, residual undissolved SiO,
particles led to slightly cloudy solutions, though this had no consequences
on the equivalence volume determinations®. Potential measurements were
carried out using an epoxy body Redox/ORP Sure Flow 9678BNWP
combined electrode (Pt indicator electrode with Ag/AgCl reference) con-
nected to an Orion Star A211 pH meter (Thermo Scientific). The use of a
potentiometer was deemed preferable for ensuring the most precise
equivalence volume measurements and, consequently, the most accurate
oxidized fraction assessments. Analytical uncertainties were typically within
2-3% of the determined measurand. The aqueous waste generated per
analyzed sample ranged from 200 to 500 mL, comparable to existing
methods that require complete sample dissolution prior to quantifying a
multivalent element (e.g., EPA Method 3060 A, as well as ISO standards
4298:2022 and 9035:1989 for Cr, Mn, and Fe species, respectively), where
total waste—including the volumes involved in sample dissolution, solution
dilution, pH adjustments, and titrant preparation—typically amounts from
400 to 600 mL per sample. A calculation sheet (Supplementary Data 1) and a

work flow chart are provided in the Supplementary Information for con-
ducting the experiments systematically (see Supplementary Fig. 1). Every
oxidized fraction measured in the present work is compiled in Supple-
mentary Table 3.

A typical experiment using the QOS method, with representative
masses and concentrations provided in brackets, is described as follows: A
minimal quantity of a finely ground specimen (15-150 mg) was carefully
weighed into an Erlenmeyer flask to ensure an appreciable equivalence
volume near 10 mL while facilitating rapid dissolution and minimizing
volume blanks. An appropriate amount of KI—corresponding to 20 times
the quantity required to fully reduce the active species (0.05-2 g)—was
dissolved in 20 mL of distilled water and added to the flask. Following the
addition of 10 mL of concentrated hydrochloric acid, the solution was
quickly connected to a reflux condenser, subsequently immersed in a pre-
heated silicone oil bath at 100 °C, and stirred until complete dissolution.
This step generally required ~10 min, even in the presence of small con-
centrations of active species (and thus larger sample masses) within che-
mically durable, silica-rich matrices, as evidenced by the sample mass
(mgymple) and dissolution time (tg;s) invariance of the determined oxidized
fractions (see Supplementary Fig. 9a, b). Any iodine adhering to the con-
denser walls was rinsed, after which the solution was quickly transferred to a
beaker and diluted to 350 mL to quench the reaction. Titration was per-
formed using a Na,S,0;-5H,0 solution (0.002-0.05 M), with the equiva-
lence volume determined via (i) potentiometry, by identifying the inflection
point, and (ii) colorimetry, by observing the color change from yellow to
colorless (consumption of I,). Alternatively, to enhance endpoint visuali-
zation, 0.5 mL of a 0.01 gmL™" starch solution can be added near the
equivalence point, causing the solution to shift from deep blue to colorless. A
blank was systematically performed using identical volumes and heating
conditions to account for the oxidation of I- ions; the corresponding
equivalence volume (~0.5 mL, also determined from the dependence of the
equivalence volume on the introduced sample mass and validated by the
invariance of the derived oxidized fractions, to account for any potential
matrix effects notably at low concentrations, as shown in Supplementary
Fig. 3a—c) was subtracted from the measured value for the sample. In the
absence of prior estimation of the oxidized fraction, the KI amount was
initially determined assuming complete oxidation (f,=100%). This
amount was then refined in a second experiment by incorporating the first
experimental estimate of the oxidized fraction. In instances involving small
concentrations of active species—and thus where the equivalence volume
approached that of the blank—masses, concentrations, and dissolution time
were adjusted accordingly to achieve larger, more appreciable equivalence
volumes (e.g., by diluting to 50 mL instead). Note that quantifying the
fraction of oxidizing species through back titration of the remaining reactive
agent—such as Fe’* in cerimetry—was found unsuitable, as it involved
limited excess in reactive agent and thus introduced competition in reac-
tivity with Cl” ions.

The QRS method follows a similar protocol but incorporates an
additional preliminary step. Specifically, an excess of Fe’*—introduced as
Fe,03, corresponding to 20 times the quantity required to fully oxidize the
active species (0.005-0.1 g)—was first dissolved independently. In the
absence of prior estimation of the reduced fraction, the Fe,O3; amount was
determined assuming complete reduction (f,eq = 100%). This was achieved
by adding 10 mL of concentrated hydrochloric acid to an Erlenmeyer flask,
connecting it to a reflux condenser, immersing the mixture in a preheated
silicone oil bath at 100 °C, and stirring until complete dissolution. For redox
couples with a standard potential smaller than 0 V (e.g., Eu*"/Eu*", Nb**/
Nb*"), an excess of Fe’* corresponding to 100 times the quantity required to
fully oxidize the active species was employed to prevent any side reaction.
Following dissolution, the solution was removed from the apparatus, and a
minimal quantity of a finely ground specimen (5-150 mg) was carefully
weighed and introduced into the flask to ensure an appreciable equivalence
volume near 10 mL while facilitating rapid dissolution and minimizing
volume blanks. The solution was then subjected to heating and stirring at
100 °C. This step generally required ~10 min, even in the presence of small
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concentrations of active species (and thus larger sample masses) within
chemically durable, silica-rich matrices, as evidenced by the sample mass
and dissolution time invariance of the determined reduced fractions (see
Supplementary Fig. 9a, b). Subsequently, it was transferred to a beaker and
diluted to 350 mL. Titration was performed using a Ce(SO,),-4H,O solution
(0.001-0.01 M, dissolved in a 1 M solution of sulfuric acid to avoid the
evolution of Cl, gas), with the equivalence volume determined via (i)
potentiometry, by identifying the inflection point, and (ii) colorimetry, by
observing the color change from colorless (or pale yellow) to deep yellow
(excess of Ce*"). For improved endpoint detection, both by potentiometry
and by colorimetry, a small quantity of ferroin—corresponding in moles to
0.5 mL of the titrating solution, and subsequently subtracted from the final
equivalence volume—can be added, causing the solution to shift from deep
red to cyan ([Fe(o-phen)s]** to excess of [Fe(o-phen)s]**). Blanks were
required exclusively for long experiments (>1h) involving samples with
substantial resistance to dissolution (i.e., the blank volumes approached the
experimental error for short dissolution times, as presented in Supple-
mentary Fig. 3d-f). In such rare instances, they were performed using
comparable initial amounts of ferrous ions-introduced as
(NH,),Fe(SO,),-6H,O—under identical volumes and heating conditions,
to account for the oxidation of Fe** ions; the corresponding difference in
equivalence volume was subtracted from the measured value for the sample.

Data availability

All data supporting the findings in this study are available within this Article
and its Supplementary Information. Source data for all main figures are
provided with this paper. Any additional data are available from the cor-
responding author upon request.
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