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Abstract

Observations of photoelectric conversion in Fe- and Mn-rich semiconductor mineral coat-
ings highlight their potential role in the origin of life and the evolution of environmental
conditions. However, natural silicate minerals, which make up most of the Earth’s crust, are
generally considered wide-bandgap insulators and are not expected to exhibit a photoelec-
tric effect. In this study, we experimentally confirm measurable impurity-like photoelectron
activity in natural silicate minerals and explore possible regulatory mechanisms. We show
that electron-active elements (e.g., structural Fe and Ti) and lattice defects in minerals such
as pyroxene and mica can reduce the optical gap (Eopt) to below ~4.13 eV, producing small
photocurrents ranging from 0.010 to 0.114 µA/cm2 on ITO substrates (background signal ex-
cluded). The structural types of these minerals—chain, island, layer, and framework—may
influence their photoelectric responses by affecting electron transport pathways. Notably,
light wavelength strongly controls both the photoelectric relative activity (PRA = 3–10 for
silicates) and the decay kinetics (0.002–0.021 s−1) of minerals. Visible light (400–800 nm)
markedly enhances photocurrent densities in low-bandgap minerals such as limonite
(Eopt = 2.11 eV). In contrast, ultraviolet light (UVB, 300 nm) enhances photoelectric re-
sponses in high-bandgap minerals, including feldspar and quartz (Eopt = 4.31 and 6.08 eV,
respectively). Multivariate statistical analysis further indicates that elemental composi-
tion governs spectroscopic features that influence photoelectric behavior. Among these,
Fe, Al, Si, and Ti are identified as key regulatory elements. These results provide new
insights into the role of natural silicates in photoelectron-driven environmental and geo-
logical processes and highlight the potential of silicate-based materials for solar energy
conversion applications.

Keywords: natural silicates; photoelectrochemistry; spectrum; mineral electrodes;
semiconductor mineral

1. Introduction
The terrestrial surface is widely covered by natural semiconductor coatings, which are

mainly composed of iron and manganese oxides [1]. Under visible (Vis) light (400–800 nm),
these coatings can generate stable photocurrents. This process drives elemental cycling in
the Earth’s critical zone and supports microbial metabolism and pollutant transformation [2–4].
In addition, before and during the intervals between the two Great Oxidation Events, the
Earth’s surface was exposed to intense ultraviolet (UV) radiation (150–280 nm) [5]. Under
such conditions, mineral-driven photochemical reactions provided a key energetic basis for
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the emergence of life and represented an important class of surface processes [6,7]. Together,
these findings have reshaped current views of energy cycling at the Earth’s surface.

Classical natural semiconductor minerals are mainly metal oxides and metal sulfides.
Most of these minerals show maximum photoelectric absorption at wavelengths between
249 and 777 nm [8]. With the exception of baddeleyite (ZrO2, Eg = 5.0 eV) and romar-
chite (SnO, Eg = 4.2 eV), the bandgaps (Eg) of most semiconductor minerals are below
4.0 eV, corresponding to excitation wavelengths longer than 310 nm [9]. Common surface
semiconductor minerals include iron oxides (e.g., goethite, hematite, ferrihydrite, and
magnetite) [10,11], titanium oxides (e.g., rutile and anatase) [12], and manganese oxides
(e.g., birnessite) [13]. These Fe-, Mn-, and Ti-bearing oxides typically occur as colloids
ranging from nanometer to centimeter scales [14–16]. They respond strongly to visible
light and exhibit efficient photoelectric conversion, as demonstrated by numerous previous
studies [17–20].

Beyond these secondary metal minerals, primary silicate minerals are ubiquitous on
the Earth’s surface. They account for more than 90% of the Earth’s crust [21]. Despite
their abundance, their photoelectrochemical properties have long been neglected because
of their intrinsically wide bandgaps (Eg > 5 eV) [21,22], which classify them as electrical
insulators. Recent advances in materials science and physical chemistry, however, have
revealed the potential of silicate minerals as photoelectric materials. For example, studies
on Fe3+-doped forsterite (Mg1−xFexSiO4) show that increasing Fe3+ content markedly
reduces the bandgap [23], from 4.5 eV at x = 0.01 to 4.22 eV at x = 0.11. In contrast, pure
forsterite (Mg2SiO4) has a bandgap of 8.4 eV [24]. First-principles density functional theory
(DFT) calculations for pyroxene with a NaAlSi2O6 structure indicate that substitution of
Tl3+ for Al3+ can reduce the bandgap from 5.3 eV to below 3.0 eV [25]. In addition, Ca and
Cl doping has been reported to decrease the bandgap of natural biotite to 3.1–3.4 eV [26].

In natural systems, transition metal elements, most commonly Fe and Ti, are frequently
incorporated into silicate minerals through isomorphous substitution [27]. They may occur
as major constituents, such as structural Fe in pyroxene, or as trace impurities, such as
Fe in kaolinite, and are typically electron-active [28–31]. Together with lattice defects,
these elements can introduce localized energy levels within the bandgap [32–34]. This
process effectively narrows the bandgap and increases the likelihood of photoelectric
conversion [35–37].

To date, studies on the photoelectric properties of silicate minerals have been largely
limited to theoretical calculations [25,33,36], artificial doping experiments [23,26], photo-
catalytic degradation of pollutants in suspension systems [38–40], and the construction of
mineral-supported photoelectrodes [41,42]. The intrinsic photoresponse of natural silicate
minerals in direct active electrode systems has not yet been experimentally demonstrated.
Moreover, the relationships between photoelectric response, crystal structure, and light
wavelength remain poorly understood. The statistical links among elemental composition,
spectral characteristics, and photoelectric performance are also insufficiently quantified.

To address these questions, we examined 20 natural samples, including silicate min-
erals, associated iron and titanium oxides, and representative samples of basalt, paleosol
(deep-time soil), and modern soil. We combined comprehensive spectroscopic charac-
terization X-ray diffraction (XRD), X-ray fluorescence (XRF), UV–Vis diffuse reflectance
spectroscopy (UV–Vis DRS), X-ray photoelectron spectroscopy (XPS), electron paramagnetic
resonance (EPR), and photoluminescence (PL) spectroscopy with photoelectrochemical
measurements (i–t) and multivariate statistical analysis. This study aims to: (1) experi-
mentally verify the photoelectric activity of natural silicate minerals in direct electrode
systems; (2) clarify how phase composition and crystal structure modulate photoelectric
responses; (3) resolve wavelength-dependent regulation under UVB and visible light; and
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(4) establish quantitative correlations among elemental composition, spectral characteristics,
and photoelectric performance. Together, these results provide a mechanistic basis for
understanding photoelectric effects in natural silicates during surface environmental and
geological processes and demonstrate the application potential of silicate-based materials.

2. Experimental Sections
2.1. Acquisition and Preprocessing of Mineral Materials

The mineral samples (Table S1) were crushed and manually selected under a 100×
optical microscope. They were cleaned sequentially with anhydrous ethanol and distilled
water, then ground to 200 mesh using a planetary ball mill with agate jars and a vibrating
mill. The resulting powders were ultrasonically cleaned four times with anhydrous ethanol
and distilled water, freeze-dried by centrifugation, and stored in a drying cabinet at 25 ◦C
until further analysis. Details of the mineral selection criteria are provided in Text S1, and
representative sample photographs are shown in Figure S1.

2.2. Mineral Characterization Methods

X-ray diffraction (XRD) analysis of the 200-mesh mineral powders was performed
using an Empyrean diffractometer (Malvern Panalytical, Almelo, The Netherlands) with Cu
Kα radiation (λ = 1.5406 Å), operated at 40 kV and 40 mA. Diffraction data were collected
over a 2θ range of 4–70◦ at a scan rate of 1◦ min−1 with a step size of 0.026◦. Phase identi-
fication was carried out using Jade 9.0 with the PDF-4+ (2009) database. For multiphase
samples, such as rocks and soils, semi-quantitative phase analysis was conducted using
the Rietveld refinement method implemented in HighScore software (version 3.0.5). Some
XRD patterns were obtained from commercial analytical services (see notes in Table S1).
In addition, two basalt samples were examined by polarizing optical microscopy (Leitz
SM-LUX-POL, Ernst Leitz GmbH, Wetzlar, Germany).

For elemental analysis by XRF (PANalytical Axios-WDX), samples were fused with
a Li2B4O7-LiBO2 flux (1:1) at 1000 ◦C for 4 min and cooled to form homogeneous glass
discs. Loss on ignition (LOI) was determined from the mass loss after heating at 1000 ◦C for
20 min in air. Milligram-scale Fa and Ttn samples were analyzed by inductively coupled
plasma optical emission spectrometry (ICP-OES; Thermo Fisher Scientific iCAP™ PRO XP,
Thermo Fisher Scientific Inc., Waltham, MA, USA).

UV–Vis diffuse reflectance spectra (200–800 nm) were acquired at 1 nm intervals
using a Shimadzu UV-3600 Plus spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
equipped with an integrating sphere. BaSO4 was used as the white reference. Reflectance
data were converted to absorption using the Kubelka–Munk (K–M) function. Absorption
peak identification and spectral integration were performed using Origin 2021. After
normalization, direct and indirect bandgaps were estimated from Tauc plots according to
the following relations:

F(R∞) = (1 − R∞)2/2R∞ (1)

The function F(R∞) is defined as the K–M function, where R∞ represents the relative
diffuse reflectance.

(αhv)1/n = C(hv − Eg) (2)

α, h, v, and C represent the light absorption coefficient, Planck’s constant, frequency,
and a constant, respectively. Eg indicates the bandgap width, where n is taken as 1/2 for
direct bandgap materials and as 2 for indirect bandgap materials.

XPS of four selected minerals (Aug, Ol, Bt, and Chl) was performed using a Thermo
Scientific Nexsa spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a
monochromatic Al Kα source (hν = 1486.6 eV) under ultra-high vacuum (≤5 × 10−8 mbar).
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Survey scans were recorded with a 400 µm spot over the 0–1350 eV range (1.0 eV step,
100 eV pass energy). High-resolution scans of Fe 2p, Ti 2p, O 1s, and C 1s were collected with
0.05 eV step, 50 eV pass energy, ≥2 min per region, and signal-to-noise ratio > 20. Charge
correction was applied using the C 1s peak at 284.8 eV, and spectra were deconvoluted
with Avantage software (version 5.9931). Valence band spectra were acquired under similar
conditions (200 µm spot, 50 eV pass energy, 20 to −5 eV range, 0.020 eV step, 4 scans).

EPR measurements were performed on a Bruker ESR5000 spectrometer (X-band)
(Bruker GmbH, Karlsruhe, Germany) at room temperature. Oxygen vacancy signals were
measured from 20 mg of dry mineral powder packed in 4 mm quartz tubes. For radical
trapping, 4 mg/mL samples were dispersed in deionized water (for ·OH) or methanol
(for ·O2

−). A 100 µL aliquot of the suspension was mixed with 2 µL of DMPO (100 mM),
loaded into quartz capillaries, and irradiated with a 300 W xenon lamp (200–800 nm) for
10 min. The samples were then sealed in quartz capillaries for analysis. Dark controls were
prepared using the same procedure without irradiation.

Five minerals (Aug, NM_Hd, GD_Hd, Tr, and Bt) were selected for photolumines-
cence (PL) spectroscopy tests, which were conducted using a FluoroMax-4 fluorescence
spectrophotometer (HORIBA, Kyoto, Japan). Further experimental details are provided in
the Text S2.

2.3. Preparation of Mineral Electrodes and Photoelectrochemical Testing Methods

Electrode preparation and electrochemical methods were adapted from Lu et al. [1].
Mineral powder (200 mesh) was further ground in an agate mortar and passed through a
400-mesh sieve (<38 µm) to prepare the mineral electrodes (Figure 1A; detailed procedures
are provided in Text S3).

Figure 1. Preparation of mineral electrode and photoelectrochemical testing. (A) Illustrates the
processes of mineral grinding and electrode sheet encapsulation; (B) Depicts the schematic of the three-
electrode system testing; (C) Shows the working electrode sheets used in some tests (after coating).

Photoelectrochemical measurements were conducted in a standard three-electrode
system (Figure 1B,C). The mineral film served as the working electrode (effective area
2 cm2), a graphite rod (6 mm diameter, purity > 99.99%) as the counter electrode, and an
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Ag/AgCl electrode (+0.197 V vs. SHE, 25 ◦C) as the reference. The electrolyte was 0.1 M
KH2PO4 (pH 6.5 ± 0.1) maintained at 25 ± 0.5 ◦C in a 150 mL quartz cell. Time-resolved
photocurrents were recorded at a bias of 1 V (vs. SCE) using an LK2010 workstation
(Tianjin Lanlike Co., Ltd., Tianjin, China). Illumination was applied from the back side
through a 300 W Xe lamp (200–800 nm, 80 mW/cm2) or LED sources (UVB 300 nm or Vis
400–800 nm, each 15 mW/cm2). Each test included six light/dark cycles (50 s on/50 s
off) over 600 s. Light intensity was measured with an optical power meter (OHSP-350;
Haopu Optoelectronic Technology Co., Ltd., Hangzhou, China). Detailed spectral data and
additional experimental procedures are provided in Figure S2 and Text S4.

2.4. Photocurrent Decay Index Model

To account for the instrument’s filtering response, the photocurrent decay was fitted
with a first-order RC circuit. The apparent photocurrent (illuminated current minus dark
current) was obtained from the photocurrent–time curve.

Data were fitted using the Asymptotic model in Origin 2021 with the Levenberg–
Marquardt algorithm. The model equation is as follows:

y = a − bcx (3)

The above equation corresponds to the RC circuit model equation:

V(t) = V0· exp(−t/RC) (4)

a—The steady-state current value after a prolonged period is achieved, thereby fully
conforming to Equation (4) when this parameter is equal to zero.

b—The absolute value of the difference between the initial moment y and the steady-
state value a corresponds to V0 in Equation (4).

c—The exponential decay factor, which determines the rate of decay, corresponds to
exp(−1/(RC)) in Equation (4), where RC represents the time constant of the circuit, thereby
influencing the speed of decay.

The decay rate constant k, which reflects the decay performance of mineral electrodes,
can be readily obtained through the following transformation:

c = exp(−1/(RC))
De f :k=−1/(RC)−−−−−−−−−→ c = exp(−k) ⇒ k = − ln c (5)

2.5. Statistical Analysis

Statistical analyses were performed using SPSSPRO (https://www.spsspro.com) for
significance testing and Origin 2021 (Correlation Plot plugin) for correlation analysis and
visualization. Data normality and variance homogeneity were verified prior to analysis.
Mantel tests and associated plots were conducted in R Studio 2025 (code provided in
Text S5 and Table S6). Crystal structures were rendered using VESTA (version 3.5.8). Other
figures were prepared in Origin 2021 and PowerPoint 2016, with final editing in Photoshop
2017 and Illustrator 2020.

3. Results
3.1. Mineralogical Features

Mineral samples were classified into nine groups based on their distinctive properties
(Table 1). Corresponding XRD patterns and elemental compositions are provided in
Figure S3 and Table 2.
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Table 1. The mineral compositions and identification results of all samples.

Mineral Group Primary Mineral
Phases Sample Code 1 Structural Type Purity Status 2 Secondary

Mineral Phases

Pyroxene group
Augite Aug

Single-chain
High No other peaks

Hedenbergite NM_Hd High No other peaks
GD_Hd High No other peaks

Olivine group

Fayalite Fa

Island

High (gem-grade) No other peaks

Iron-doped forsterite Cas_Fa Low Amphibole and
clay minerals

Forsterite Ol 99.5% Enstatite (trace
amounts)

Titanite group Titanite Ttn Island High (gem-grade) No other peaks

Amphibole/Mica
group

Tremolite Tr Double-chain 99% Chlorite (trace
amounts)

Biotite Bt Layer 99% Quartz (trace
amounts)

Feldspar/Quartz
group

Albite Ab

Framework

99% Quartz (trace
amounts)

Quartz Clear_Qtz

High
(crystal-grade and
high-
transmittance)

No other peaks

Clay mineral
group

Chlorite Chl

Layer

100% No other peaks
Kaolinite Kln 96% Quartz, Illite
Amorphous-
aluminosilicate Mk 98% Quartz, Anatase

Iron oxide group
Hematite, Goethite Lm Low Amorphous Silicon

dioxide, Quartz
Hematite Syn_Hem 100% No other peaks
Goethite Syn_Gt 99.5% No other peaks

Titanium oxide
group

Ilmenite Ilm Low Quartz, Rutile
Rutile Syn_Rt 99.5% No other peaks
Anatase Syn_Ant 99% No other peaks

Rock/soil group

Feldspar, Augite EM_Basalt Ilmenite
Feldspar, Augite HN_Basalt Ilmenite, Siderite
Quartz, Hematite,
Montmorillonite EM_Paleosol Anatase

Quartz, Kaolinite Yellow-Red Soil Hematite
1 To facilitate understanding, the naming convention for sample codes is similar to the abbreviations used for
geological minerals. It should be noted that when sample abbreviations are used in the text, they specifically refer
to the samples corresponding to those minerals. 2 The reliability and calculation details of the purity, represented
in numerical form in the table, are provided in Table S1.

All major diffraction peaks matched the expected characteristics. For example, the
pyroxene group (Aug and Hd) showed a peak at 29.88◦ corresponding to the crystal plane,
and the olivine group displayed the 112 crystal plane peak. Some samples, however,
exhibited impurity peaks (Figure S3A) or specific elemental features (Table 2). No accessory
mineral peaks were detected in the pyroxene group (Aug, NM_Hd, and GD_Hd). In
contrast, the olivine sample Cas_Fa, primarily iron-doped forsterite, showed amphibole and
clay impurity peaks, while the Ol sample exhibited an enstatite peak at 28.32◦ (221 crystal
plane). Gem-quality titanite (Ttn) showed no secondary phases, indicating high purity.
In the amphibole/mica group, Tr contained a chlorite peak, and Bt showed a minor
quartz peak. Within the feldspar/quartz group, Ab included a quartz peak, whereas
Clear_Qtz showed no impurity peaks. For the clay minerals, Mk (kaolinite calcined
at 900 ◦C) displayed broadened aluminum silicate peaks and an anatase peak at 25.3◦,
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while Kln contained weak quartz (101 plane) and illite (002 plane) peaks. Chl showed no
impurity peaks.

Table 2. Elemental composition information of mineral samples.

Sample Code K2O Na2O MgO CaO Fe2O3 Al2O3 SiO2 TiO2 LOI
% % % % % % % % %

Aug 0 1.59 14.62 13.78 8.77 10.58 48.28 0.88 1.39
GD_Hd 0 0.13 1.72 21.31 19.51 1.62 48.34 0.087 0.15
Nm_Hd 0 0.11 1.71 20.48 19.17 2.71 47.85 0.075 1.33
Ol 0.01 0.04 47.89 0.08 10.53 0.23 41.77 0.011 −0.66
Cas_Fa 0 0 43.21 0.93 7.55 2.03 43.42 0.064 2.46
Fa * 0.0161 0.0933 26.990 0.0384 9.0702 0.0853 40.05 0.0731 /
Ttn * 0.0230 0.1423 0.5061 4.8131 1.1472 1.2722 40.06 39.791 /
Bt 8.82 0.10 15.88 0.18 13.95 17.11 40.72 0.89 2.06
Tr 0.02 0.31 20.81 12.15 5.69 2.36 56.52 0.02 1.82
Ab 0.15 11.23 0.06 0.25 0.068 19.43 68.56 0.01 0.21
Clear_Qtz 0 0.03 0.01 0.06 0.06 1.88 95.81 0.07 0.77
Chl 0 0.04 26.1 0.19 13.84 20.27 28.12 1.11 10.84
Mk 0.14 0.06 0.15 0.13 0.48 45.03 52.14 1.16 0.41
Kln 0.44 0.31 0.09 0 0.66 38.41 46.29 0.25 13.51
Syn_Gt 0.01 0.16 0.13 0.08 62.55 0.65 0 0.148 11.9
Syn_Hem * 0 0.0230 0.0038 0.0109 100.01 0 0 0.0002 /
Lm 0.02 0.65 1.43 2.42 62.83 1.49 3.87 0.075 4.79
Syn_Ant 0.21 0.073 0.012 0.037 0 0 0 99.05 0.15
Syn_Rt 0.036 0.06 0 0.036 0.012 0 0 99.55 0.30
Ilm 0.1 0.13 1.27 0.48 27.01 3.37 4.43 40.04 0.50
EM_Basalt 0.74 3.02 5.91 9.18 12.69 15.48 45.49 2.66 4.17
EM_Paleosol 2.69 0.25 0.73 0.44 16.09 22.81 39.77 2.99 3.21
Yellow-Red Soil 3.04 0.11 0.71 0.07 9.82 16.88 61.52 1.02 7.22
HN_Basalt 0.76 3.62 5.21 7.22 10.79 16.81 52.09 1.68 2.16

The table lists the concentration values of the major elements and the corresponding loss on ignition (converted to
oxide forms, expressed as percentages). Values marked with an asterisk (*) were measured using ICP-OES, while
the remaining samples were measured using XRF.

Elemental analysis showed elevated Ti in Aug, Bt, Chl, and Mk (0.8%–1.1%), in contrast
to <0.1% Ti in olivine and other primary minerals. Aug contained higher Al and Mg (10.5%–
14.6%) than Hd samples (NM_Hd and GD_Hd, 1.62%–2.71%), reflecting enrichment from
impurities. Mafic minerals, including pyroxene, olivine, and amphibole, had Fe contents of
5.6%–19.2% (Table 2).

Iron and titanium oxide peaks matched standard reference patterns, although natural
samples showed additional features. Lm contained hematite as the dominant phase and
goethite, with quartz and amorphous components, likely SiO2 and ferrihydrite. Ilm’s main
peak corresponded to its reference pattern, consistent with the white particles observed in
the mineral photograph (Figure S1B(h1)).

The basalt samples (EM_Basalt and HN_Basalt) were mainly composed of monoclinic
pyroxene and plagioclase, with minor ilmenite and siderite (Figure S3B). Thin-section
microscopy showed well-preserved primary mineral crystals (Figure S4). EM_Paleosol
contained ~16% quartz, dominated by hematite and montmorillonite, with ~7% rutile.
The Yellow-Red Soil standard sample (GBW07405 [GSS-5]) comprised 48% quartz, 37%
kaolinite, and 14% hematite.

Overall, mineralogical analysis showed high-purity primary phases with Fe and Ti
distributed throughout, contributing to their high electron activity. Complete mineral
compositions are provided in Tables 1 and 2.
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3.2. Electronic Structure and Defect Characterization

UV–Vis analysis showed minimal visible-light absorption (400–800 nm) in most silicate
minerals, except for Fe- and Ti-oxide-enriched samples. Absorbance followed the order: iron
oxides (8–16 a.u.) > titanium oxides (6–9 a.u.) > mafic silicates and rocks/soils (2–8 a.u.) > clays
and the feldspar/quartz group (0–1 a.u.) (Figure 2J). Absorption edges and characteristic
peaks are annotated in Figures 2A–I and S7. Raw, non-normalized spectra are shown in
Figures 2J and S9.

 

Figure 2. The UV-DRS spectra of the samples. The normalized K–M spectral values (A–I) and the
absolute values (non-normalized K–M [F(R)]) of the spectra ((J) or Figure S9). The tangent lines in the
figure indicate the position of the absorption edge. Abs denotes the absorbance.
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Primary silicate minerals exhibited strong UV absorption (200–400 nm), with the order
Aug > Hd > Bt > Tr > Cas_Fa > Ol > Fa (Figure 2J). The peak at 240–270 nm corresponds to
Fe3+/Fe2+–O charge transfer [43]. A weak feature at ~205 nm may be related to Ti orbital
transitions [44–46]. Rock and soil samples followed the order EM_Basalt > HN_Basalt
> EM_Paleosol (Figure 2J). EM_Paleosol showed lower overall absorbance due to clay
enrichment and compaction. However, it displayed enhanced visible absorption from
hematite compared with fresh basalts.

Iron oxides showed strong UV–Vis absorption across 200–800 nm, with Lm exhibiting
the highest absorbance. The Lm spectrum showed characteristic peaks at 250, 333, and
500 nm (Figure 2G). These peaks correspond to O 2p → Fe3+ t2g transitions [47] and
form a broad band consistent with its mixed-phase composition of goethite, hematite, and
amorphous phases. Syn_Hem and Syn_Gt exhibited lower absorbance than Lm, suggesting
multiphase enhancement effects [48]. The hematite-dominated Yellow-Red Soil maintained
high absorption across the full 200–800 nm range.

Ilm showed broad absorption across 200–800 nm, which is characteristic of an indirect
bandgap semiconductor requiring phonon-assisted transitions [49]. Rutile impurities
may form heterojunctions and further extend the absorption range. Syn_Ant and Syn_Rt
exhibited predominantly UV absorption, with cutoff wavelengths at 380 nm and 400 nm,
respectively. Ttn showed stronger UV absorption than the titanium oxides (Figure 2J) and
featured a peak at 205 nm attributed to O → Ti4+ charge transfer [50].

Clear_Qtz showed negligible visible-light absorption due to its wide bandgap, with
significant absorption confined to wavelengths below 200 nm (vacuum UV region). Ab
exhibited weak UV absorption below 300 nm. Kln and Mk absorbed weakly below 350 nm,
with Kln showing peak broadening related to amorphous aluminosilicates. In contrast,
Fe-rich Cln (13.84% Fe) showed much stronger UV absorption between 200 and 350 nm
than the other clay minerals (Figure 2J).

Because of the extremely low absorbance of Clear_Qtz and Ab, these samples were
used as baseline references (negative controls) in subsequent photocurrent measurements
of natural minerals. A detailed discussion of photocurrent measurement errors is provided
in Section 4.1.

Photoluminescence (PL) spectroscopy showed similar impurity-related emission peaks
in the five minerals Aug, NM_Hd, GD_Hd, Tr, and Bt (Figure S8), likely reflecting their
common mafic composition. A detailed discussion is presented in Section 4.1.

Tauc plot analysis (Figure 3) and absorption edge calculations (Figure 2A–I) indicated
direct bandgap transitions in all samples. Indirect bandgap data are shown in Figure S5.

The analysis focused on silicate minerals with optical gaps lower than 4.13 eV. This
value corresponds to a wavelength of 300 nm, which represents the shortest wavelength
of contemporary solar radiation at the Earth’s surface [51]. This range covers part of the
UVB (280–320 nm) and the entire UVA (320–420 nm) spectral region [52]. Minerals with
Eopt ≤ 4.13 eV included the pyroxene group (Aug and Hd), the olivine group (Cas_Fa),
titanite (Ttn), the amphibole/mica group (Tr and Bt), clay minerals (Chl, Mk, and Kln),
and basalt samples (EM_Basalt and HN_Basalt). In contrast, olivine samples Ol and Fa
required excitation in the UVC range (180–280 nm) [52] because of their higher optical gaps
(Eopt > 4.5 eV).

Direct calculation of bandgaps (Eg) for natural minerals using the Tauc method may
introduce uncertainties. These mainly arise from the compositional heterogeneity of min-
eral powders, such as lattice defects, secondary alteration, and impurity interference, as
well as from scattering-induced shifts in the absorption edge [53]. Nevertheless, UV–Vis
spectra (Figure 2A–I) show that most silicate minerals have absorption edges above 320 nm.
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Combined with their full-spectrum absorption intensity (Figure 2J), this suggests that
silicate minerals have potential photoelectric responses over the 200–800 nm range.

Figure 3. Tauc plot of samples with tangent indicating optically direct bandgap position (A–I). The
intersection point of the tangent line with the x-axis gives the estimated Tauc gap or optical gap (Eopt).

In this study, Eopt values are used only as approximate references. The estimated Eopt

of mafic silicates is particularly informative. For natural silicates, photoelectric behavior is
controlled by multiple spectroscopic parameters. Overall light absorption capacity is critical,
whereas Eopt serves as an auxiliary reference in the weak-photocurrent measurement system
used here (Sections 3.5 and 4.4).

In contrast, iron and titanium oxides exhibited typical semiconductor bandgaps
(Eopt = 2.1–3.8 eV). The measured bandgaps of Syn_Hem (Eopt = 2.15 eV) and Syn_Gt
(Eopt = 2.75 eV) were slightly different from benchmark values reported by Sherman for
hematite (2.2 eV) and goethite (2.5 eV) [54]. This difference may be related to variations
in lattice defects or surface hydroxylation. The bandgaps of Syn_Ant (Eopt = 3.49 eV) and
Syn_Rt (Eopt = 3.25 eV) agreed well with values reported by Zanatta [55].

XPS analysis of four silicates (Aug, Ol, Bt, and Chl) detected all major elements
(Figure 4A), except trace Ti. The Chl sample showed extremely high purity (treated as 100%,
Table 1). Therefore, the Fe 2p signal near 710 eV can be attributed entirely to the silicate
bulk phase. The Fe/Si atomic ratio obtained by XPS (<0.1) was significantly lower than that
measured by XRF (0.1–0.3) (Figure 4A). This low XPS Fe/Si ratio confirms the absence of
surface iron oxide phases, which would otherwise increase this ratio [56]. Accordingly, the
Fe 2p signals at ~710 eV in all four silicates originate from structural Fe in the bulk phase.

High-resolution Fe 2p spectra indicate mixed Fe2+/Fe3+ states in all samples
(Figure 4B–E) [57]. Trace Ti4+ was detected only in Aug and Bt (<1%; Figure 4J,K). The
O 1s spectra suggest the presence of defect oxygen in these silicates (Figure 4F–I). The
peak near 531 eV (metal–O) is attributed to Fe–O, Ti–O, Ca–O, and Al–O bonds [58]. The
peak near 532 eV (vacancy–O) is associated with oxygen vacancies as well as Mg–O and
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Si–O bonds [57,59]. The existence of oxygen vacancies is further supported by EPR signals
(g = 2.004; Figure 4L). EPR measurements detected irradiation-induced reactive oxygen
species (·OH and ·O2

−) under 200–800 nm illumination (Figure 4M,N), confirming the
photoelectric activity of silicates. Based on the relative intensities of defect and radical
signals, the photoelectric performance followed the order: Aug > Ol > Bt > Chl (Figure 4L–N).

Figure 4. XPS and EPR characterization of four mineral samples (Aug, Ol, Bt, and Chl). (A) The
survey spectrum of XPS; (B–E) Fe 2p high-resolution spectra; (F–I) O 1s high-resolution spectra;
(J,K) Ti 2p high-resolution spectra (with Ti signals detected only in Aug and Bt); (L) EPR defect
signals; (M) EPR OH signals; (N) EPR ·O2

– signals; (O) The positive correlation between EPR signal
intensity and photocurrent response intensity (Section 4.1).
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The band edge positions are provided in Figure S12. Their valence band potentials are
sufficiently positive to oxidize common substrates (e.g., H2O), suggesting that photoexcited
electron–hole pairs in silicate minerals maybe participate in driving redox electron transfer
processes at the Earth’s surface.

3.3. Photocurrent Curve Characteristics of Mineral Electrodes Under Different Light Sources

UV-DRS analysis of optical gaps indicates that silicate minerals possess photoelectro-
chemical potential. This was further verified by i–t measurements using mineral electrodes,
which produced measurable photocurrents.

All mineral electrodes generated distinct photocurrent responses under different
light sources. Average photocurrent densities ranged from 0.021 to 0.322 µA cm−2

(Figures 5A and 7A1), 0.045 to 1.508 µA cm−2 (Figures 5B and 7A2), and 0.010 to
0.067 µA cm−2 (Figures 5C and 7A2). Under Xe_200–800 nm and LED_400–800 nm illumi-
nation, most mineral electrodes exhibited higher photocurrents than the blank electrode
(curve labeled 0), indicating photoelectron generation by the mineral coatings. In contrast,
under UVB irradiation (LED_300 nm), the photocurrents of all minerals were lower than
that of the blank electrode, except for titanium oxide. This behavior is attributed to the
dominant photocurrent contribution from the ITO substrate, whose absorption edge is near
320 nm (Figure S6), thereby masking mineral signals. The influence of ITO under UVB
illumination is discussed in Section 4.1. At identical light intensity (15 mW cm−2), UVB-
induced photocurrents (Figure 5B) were higher than those under visible light (Figure 5C),
reflecting the higher photon energy in the UVB range.

Photocurrent response curves exhibited three distinct patterns under all illumination
conditions. (1) Gradual type (Figure 5, Nos. 1–14, 18, 21, and 24), observed in primary sili-
cates and secondary aluminum silicate minerals, showed stable and uniform photocurrents
with slow decay rates (<5% min−1). This behavior indicates inefficient charge separation
and migration. (2) Sharp type (Figure 5, Nos. 15–17, 19, and 22–23), represented by iron
oxides (Syn_Hem and Syn_Gt), rutile (Syn_Rt), and iron-oxide-rich soils (EM_Paleosol
and Yellow-Red Soil), displayed rapid excitation (response time < 0.1 s) followed by fast
decay (>20% s−1), resulting in narrow current peaks. (3) Slow-response type (Figure 5,
No. 20) was observed only for anatase (Syn_Ant). It showed a delayed rise (>5 s) with a
pronounced lag, consistent with previous reports [60].

Photocurrent responses of the same mineral varied markedly with light source.
Gradual-type minerals maintained similar curve shapes under all illumination condi-
tions. In contrast, sharp-type minerals lost their characteristic peak under UVB irradiation
(Figure 5B, Nos. 15–17). This likely results from photon energies near 300 nm exceeding
the optimal excitation range of iron oxides (500–600 nm), which reduces charge separation
efficiency. Anatase exhibited its slow-response behavior only under full-spectrum Xe illu-
mination (200–800 nm; Figure 5A, No. 20) and behaved as a gradual-type material under
isolated UVB or visible light (Figure 5B,C, No. 20).
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Figure 5. Time-dependent photocurrent curves of mineral electrodes during light-dark cycles over
600 s under three different light sources. (A) Photocurrent curve under Xe_200–800 nm illumination
(yellow gradient curve); (B) Photocurrent curve under LED_300 nm illumination (red gradient curve);
(C) Photocurrent curve under LED_400–800 nm illumination (blue gradient curve). The numbered
labels and the dashed lines connecting the figures represent the corresponding minerals for each
curve, with the axis colors corresponding to the scale bar colors.

3.4. Photocurrent Density and Decay Characteristics of Mineral Electrodes Under Different
Light Sources

Figure 6 shows the decay curves of all mineral electrodes. All curves fit the exponential
model well (Section 2.4, Equations (3)–(5)), with R2 > 0.99. Fitting parameters are listed in
Tables S2–S4. The decay rate constants ranged from 0.006–0.018 s−1 under Xe irradiation,
0.003–0.007 s−1 under UVB, and 0.002–0.021 s−1 under visible light.

Under Xe illumination (200–800 nm, 80 mW cm−2), average photocurrent densi-
ties followed the order: titanium oxides (0.053–0.322 µA cm−2) > iron oxides (0.062–
0.167 µA cm−2) > primary silicate minerals (0.033–0.108 µA cm−2) ≈ rock and soil mixtures
(0.046–0.105 µA cm−2) > clay minerals (0.021–0.071 µA cm−2) (Figure 7A1). Ilm and Syn_Gt
showed lower responses than other samples in their groups. Ab and Clear_Qtz exhibited
the weakest signals among primary silicates. Kln showed the lowest response among
clay minerals.

Under 300 nm LED irradiation (15 mW cm−2), photocurrent densities ranked as
follows: titanium oxides (0.058–1.508 µA cm−2) > primary silicate minerals (0.070–
0.114 µA cm−2) ≈ rock and soil mixtures (0.045–0.111 µA cm−2) > clay minerals (0.045–
0.091 µA cm−2) > iron oxides (0.040–0.065 µA cm−2) (Figure 7A2, blue circles). This trend
differs from that under full-spectrum Xe illumination, where iron oxides produced lower
photocurrents than silicates at 300 nm. Clear_Qtz and Ab showed enhanced UVB responses
compared with their Xe (200–800 nm) results.
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Figure 6. Decay fitting curves of different mineral electrodes under illumination using three different
types of lamps. Fitting curves for the photocurrent decay of each mineral electrode under light source
of Xe (A1–A9), LED_UVB (B1–B9) and LED_Vis (C1–C9), where the scatter points represent the
photocurrent densities for each cycle, and the dashed lines indicate the fitted curves along with their
95% confidence error limits; Photographs of three different light sources (A10, B10, and C10).

Under 400–800 nm LED illumination (15 mW cm−2), photocurrent densities followed
the order: iron oxides (0.018–0.068µA cm−2) > titanium oxides (0.022–0.026µA cm−2)≈ rock/soil
mixtures (0.012–0.033 µA cm−2) > primary silicates (0.009–0.025 µA cm−2) > clay minerals
(0.010–0.019 µA cm−2) (Figure 7A2, red circles). This trend differs from that under UVB
irradiation, where iron oxides produced higher photocurrents than silicates. Under visible
light (400–800 nm), titanium oxides approached the performance of silicate minerals, while
Clear_Qtz and Ab remained weakly responsive.
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Figure 7. Average photocurrent and decay rate of mineral electrodes under different illumination
types and mineral structures. (A1,A2) Comparison of average photocurrent densities of each mineral
electrode, with the same dashed box indicating the same mineral types; (B,C) Differences in average
photocurrent density and decay rates of mineral electrodes under three types of light sources (using
the Friedman test); (D) Decay rates of all mineral electrodes; (E) Ranking of photoelectric relative
activity among different mineral electrodes; (F) Differences in photocurrent density between mafic
and felsic minerals (using the Kruskal–Wallis test); (G) Differences in photocurrent density among
four structural types of silicate minerals; (H) Ternary diagram of WPD-Wk-PRA for different mineral
electrodes, where the abbreviations WPD, Wk, and PRA represent weighted photocurrent density,
weighted k, and photoelectric relative activity, respectively.
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Mineral electrodes exhibited significantly different photocurrent densities (p ≤ 0.01)
under three wavelength ranges. UVB irradiation produced a higher median photocurrent
(0.075 µA cm−2) than visible light (0.021 µA cm−2) (Figure 7B). In contrast, the decay rate
constants (k) showed no significant differences (Figure 7C). Comparisons between UVB
and visible conditions are valid because the light intensity (15 mW cm−2) and experimental
setup were identical.

Iron oxides exhibited significantly higher photocurrent decay rates than other minerals
under Xe and visible light (Figure 7D), indicating poorer electrode stability during cycling.
Under UVB irradiation, Syn_Hem, Syn_Rt, and EM_Paleosol showed accelerated decay
behavior (Figure 7D). The photoelectric relative activity (PRA), defined as the ratio of
photocurrent density under UVB to that under visible light, varied widely (1–64). The
highest PRA values were observed for titanium oxides, while iron oxides showed the
lowest values (Figure 7E).

Across all light sources, mafic silicates consistently produced higher photocurrents
(0.02–0.08 µA cm−2) than felsic silicates (0.01–0.08 µA cm−2) (Figure 7F). With expanded
sampling, Kln was reclassified as felsic based on its light color. Photocurrent intensity
varied systematically with silicate structure. It decreased from chain to island to layer to
framework types, except for an enhanced UVB response in framework silicates (Figure 7G).

The photoelectrochemical performance of different mineral electrodes was compared
using a simplified evaluation method based on the WPD, Wk, and PRA metrics. The
definitions of WPD and Wk are as follows:

WPD = 0.45 × Photocurrent_Xe + 0.1 × Photocurrent_UVB
+0.45 × Photocurrent_Vis

(6)

Wk = 0.45 × k_Xe + 0.1 × k_UVB + 0.45 × k_Vis (7)

Here, Photocurrent refers to average photocurrent density and k represents the decay
rate. UVB light was assigned a lower weight given its minor energy contribution to solar
UV. All equation parameters were log-transformed and normalized prior to analysis.

As shown in the ternary diagram WPD–Wk–PRA, three colored parallelogram regions
represent distinct mineral performance zones (Figure 7H). The felsic zone (red) is defined
by low WPD and Wk values and high PRA, including samples such as Ab, Qtz, and Kln.
The mafic zone (gray) shows moderate WPD and PRA with low Wk, mainly comprising
primary mafic silicates and EM_Basalt. The Fe-rich oxides zone (green) is characterized
by high WPD and Wk values and low PRA, representing iron oxides, EM_Paleosol, and
Yellow-Red Soil.

3.5. The Interrelationship Among Elemental, Spectral, and Photoelectrochemical Indicators
of Minerals

To further clarify the influence of spectroscopic and elemental indicators on photocur-
rent parameters, the data were classified into three levels: major categories, subdivided
indicators, and single indicators (Table S5 for details). We found illumination conditions
strongly affected these correlations

Spectroscopic and electrochemical parameters were closely linked, serving as core
photoelectric performance indicators (Figure 8A). Under Xe and visible light, absorption
characteristics (Edge, Peak, Area) positively correlated with photocurrent intensity and
decay rate constant (p ≤ 0.05). In contrast, the optical gap showed negative correlations
due to lower light absorption at wider gaps. Under UVB irradiation (300 nm), only a
negative correlation between Photocurrent and Area_400–800 nm was observed (p ≤ 0.01).
Wavelength-dependent patterns were evident from elliptical distributions in the heatmap
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(Figure 8A), indicating inverse regulatory mechanisms of mineral light absorption under
different wavelengths.

 

Figure 8. Correlation network of spectral, electrochemical, and elemental indicators among 24 miner-
als. (A) Heatmap of correlations between spectral and electrochemical indicators; (B1–B3) Mantel
regression plots among three matrices (electrochemical matrix, spectral matrix, and elemental matrix).
Blue circles represent the transformed distance data, while the red lines indicate the regression curves
between the two matrices; the shaded areas represent the 95% confidence intervals. (C) Heatmap of
correlations between elemental indicators and spectral as well as electrochemical indicators, with
elements represented in the form of their corresponding oxides; (D) Mantel test of the subdivisions of
spectral and electrochemical indicators against the elemental matrix.

Elemental composition also influenced photoelectric performance (Figure 8C). Al
negatively correlated with Peak, Photocurrent (Xe/Vis), and k_Vis (p ≤ 0.05), whereas Fe
positively correlated with Edge, Area (all ranges), and k_Vis, but negatively with Band
and Photocurrent_UVB. Si showed negative correlations with Area (200–800/300 nm),
Photocurrent_Vis, and k_Vis. Notably, Al and Si exhibited coordinated effects, whereas
Fe showed inverse behavior (Figure 8C). These trends matched elemental analysis results,
showing a strong positive Al–Si correlation (p ≤ 0.01) and a negative Al–Fe relationship
(Figure 8D).

Mantel analysis showed significant correlations between spectroscopic and electro-
chemical matrices (p = 0.002; Figure 8B1) and between elemental and electrochemical
matrices (p = 0.029; Figure 8B2), but not between elemental and spectroscopic matrices
(p = 0.063; Figure 8B3). Subcategory analysis indicated that Fe, Si, and Ti were strongly
correlated (p ≤ 0.01) with absorption characteristics (Peak and Edge; Figure 8D). Fe was
also specifically associated with photocurrent densities (p ≤ 0.01), consistent with the
single-indicator analysis (Figure 8C).

In summary, mineral spectroscopic and electrochemical indicators exhibited significant
but wavelength-dependent correlations, with opposite trends under UVB versus visible
light. Elemental analysis showed that Fe positively influenced photoelectric performance,
whereas Al and Si had negative effects. Matrix-level analysis confirmed intercorrelations
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among spectroscopic, electrochemical, and elemental parameters, highlighting Fe, Si, and
Ti as key contributors, consistent with single-indicator results.

4. Discussion
4.1. Photocurrent Effects Induced by Impurities and Defects Level

This study is the first to use a direct electrolytic cell system with natural silicate
minerals, revealing measurable photoelectrochemical activity (Figures 5 and 6). Electron-
active elements (e.g., Fe and Ti) and lattice defects (Figure 4) enable this activity by lowering
apparent bandgaps from intrinsic values (>5 eV) to photoresponsive ranges [33,61–65].
Selection of “relatively pure” rather than “absolutely pure” minerals is necessary, as fully
pure samples are geologically unattainable. Unlike previous micro-nano coating approaches
with Fe/Mn/Ti-rich minerals [16], our bulk silicates retain high phase purity without
continuous coating structures (Figure 4A).

UV–Vis spectroscopy confirms the dominant role of electron-active elements in reduc-
ing bandgaps (Eopt < 4.13 eV; Section 3.2), while characteristic peaks of trace impurities are
also observed (Figure S7). XPS analysis shows Fe3+/Fe2+ and Ti4+ as the main chemical
states in the silicates. Defects, primarily oxygen vacancies, further enhance photocurrent,
as indicated by correlations between EPR signals (vacancies and radicals) and photocurrent
density (Figure 4O).

PL spectra of mafic silicates (Aug, Hd, Tr, and Bt) display consistent impurity- and
defect-related emission peaks (Figure S8B), attributed to electron–hole recombination via
defect levels. An inverse correlation between luminescence intensity and photocurrent
(r = −0.7, Figure S8D) reflects reduced carrier separation efficiency at higher recombination
rates [66]. Although assigning specific PL peaks (397–550 nm) to particular recombina-
tion processes is challenging [67,68], the 300 nm emission edge, unrelated to impurities
(Figure S8D), likely approximates the intrinsic band-to-band transition, slightly below the
UV–Vis absorption edge at 320 nm.

Based on the analysis, the detected photocurrents (0.010–0.114 µA cm−2) likely arise
from excitation via impurity- or defect-related energy levels associated with electron-
active elements, rather than a fundamental transformation of the wide-bandgap silicate
matrix into a semiconductor. This distinction is important. The signals reflect trace-level
photoresponses from defects, not band-to-band semiconductor behavior. These phenomena
are analogous to impurity photoconductivity in semiconductor physics. In this study, we
term this phenomenon impurity-like photoelectron activity.

Measuring such weak photocurrents requires rigorous controls to avoid artifacts.
High-purity silicate minerals were used as negative controls. Although synthetic olivine
could, in theory, represent undoped silicates [69], its nanoparticulate form produces non-
representative photoelectric properties compared with natural micron-scale samples. To
address this, Clear_Qtz (crystal-grade) and Ab were chosen as high-purity, wide-bandgap
controls due to their minimal light absorption (Figure S9). Clear_Qtz showed even lower
absorptivity than 99.5% pure synthetic quartz (Figure S10). Its Eopt of 6.08 eV (Figure 3E)
matched the reported 6.04 eV [70]. Electrodes modified with these minerals produced
much weaker photocurrents than other silicates (Figure 7A1), confirming that the observed
signals originate from mineral-specific absorption rather than experimental artifacts.

The influence of the ITO conductive substrate must be considered. ITO glass strongly
absorbs around 320 nm (Figure S6), affecting measurements in the UVB region. Back-side il-
lumination was used for photocurrent tests, consistent with previous studies [7]. Front-side
illumination was found to produce measurement errors in natural silicate systems. Under
front-side conditions, photocurrent intensities were 60%–70% lower than with back-side
illumination. This is due to heterogeneous UVB exposure at the ITO–mineral interface,
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caused by differential light attenuation through the mineral coatings (UV penetration in
minerals reaches ~0.1 mm [24], far exceeding the 2 µm film thickness). Back-side illumi-
nation, in contrast, ensures more uniform interface irradiation through ITO, optimizing
photocurrent generation.

Residual ITO interference remained under both illumination modes. Most silicate
minerals showed negative net photocurrents (mineral electrode minus ITO background)
under UVB (Figure S11), a phenomenon rarely seen under Xe or visible light. This suggests
UVB-specific inhibition of charge carriers in ITO by mineral particles, particularly at 300 nm.
Positive net photocurrents under visible light (400–800 nm) confirm that photoelectron
generation is driven by impurity- or defect-level excitation rather than intrinsic band-to-
band transitions (Figure S11). At these wavelengths, photon energy is below ITO’s bandgap,
and interference from the substrate is negligible.

While Li et al. reported strong UV-induced photocurrents in natural sulfur [7], our
findings differ for fundamental reasons. First, sulfur exhibits strong band-to-band photore-
sponse, whereas the silicate minerals in this study show weak, defect-mediated transitions.
Second, their experiments used spin-coated commercial sulfur with methanol hole scav-
engers, which enhanced UV photoelectric performance.

Discriminating UVB-range mineral signals from ITO interference remains challenging.
We recommend using Clear_Qtz and Ab photocurrents as reference baselines in ITO-
containing systems. Xe lamp and visible-light measurements, however, proved reliable
(Figure S11). Future studies may benefit from in situ photoelectrochemical characterization
to further resolve these effects.

Although systematic experimental errors are not the focus here, standardized coating
and electrochemical procedures are critical to reduce artifacts and signal drift (Section 2.3),
given the inherent decay of natural minerals (Figure 6). To minimize measurement vari-
ability, we used high-throughput electrode testing combined with statistical analysis, em-
phasizing mineralogical and statistical significance. The observed photoelectric responses
in mafic silicates potentially persistent since the early Earth may represent a previously
overlooked electron-transfer process in long-term geological evolution [71,72].

4.2. Effect of Structural Composition on Photoelectrochemical Activity in Silicate Minerals

The photoelectrochemical performance of silicate minerals appears to be related to
their structural types, classified by [SiO4] unit connectivity [73]. Chain silicates (pyroxene:
0.078–0.096 µA cm−2) and island silicates (olivine: 0.081–0.102 µA cm−2) exhibit higher
photocurrents than layered silicates (clays: 0.021–0.057 µA cm−2) and framework silicates
(feldspar/quartz: 0.032–0.033 µA cm−2) (Figure 7G). The reactivity of Fe(II)-bearing silicate
minerals under pressure with water has been calculated using DFT methods by Li et al. [74].
Their results indicate that chain and island structures (pyroxene and olivine) are more
reactive than layered structures (phyllosilicates), which aligns with our findings. This
difference may be linked to the electronic transmission characteristics of their crystal
structures [75–78].

The photoelectrochemical response of rocks and soils generally reflects their mineral
composition. Two basalt samples (>90% feldspar + pyroxene) show similar photocurrents,
with EM_Basalt slightly outperforming HN_Basalt under Vis light due to a higher py-
roxene/feldspar content ratio (43%/50% vs. 18%/73%). Although the Yellow-Red Soil
contains a significant amount of hematite (14%), its other components are mainly kaoli-
nite and quartz (Section 3.1), resulting in a low overall photocurrent (<0.05 µA cm−2)
(Figure 6A1,A2). Surprisingly, EM_Paleosol (48.8% hematite + 7.9% rutile) shows lower
currents (0.020–0.045 µA cm−2) than Ilm (0.023–0.058 µA cm−2) and Yellow-Red Soil
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(0.032–0.105 µA cm−2) (Figure 7A1,A2). This non-linearity indicates that mineral content
alone is a poor predictor of photoelectrochemical performance.

4.3. The Modulation Mechanism of Mineral Photoelectrochemical Behavior by Light
Source Wavelength

This study evaluates mineral photoelectrochemical behavior using four wavelength-
dependent parameters: (1) photocurrent density, (2) UVB/Vis photoresponse ratio (PRA),
(3) response curve profile (gradual, sharp, or slow type), and (4) decay characteristics,
represented by the multicycle exponential constant k.

Light wavelength strongly influences mineral photoresponse. UVB (300 nm) produces
the highest photocurrent in titanium oxides (Syn_Ant, Eopt = 3.49 eV; 1.5 µA cm−2), whereas
visible light favors iron oxides (Lm, Eopt = 2.11 eV; 0.068 µA cm−2) (Figure 7A2). This
pattern reflects the fundamental photon–bandgap matching principle: when E ≥ Eg, intrin-
sic band-to-band transitions dominate carrier generation; otherwise, indirect transitions
through impurity or defect energy levels prevail [79,80]. Notably, primary silicates and
clays exhibit 1.5–2.5 times higher photocurrent under UVB than iron oxides (Figure 7A2),
likely due to their wider bandgaps (Eopt > 4 eV) and defect-enhanced UV absorption [81].

Mineral PRA values show clear wavelength-dependent stratification: iron oxides
(0.96–2) < mafic silicates (3–4) < felsic silicates (7–10) < titanium oxides (8–68) (Figure 7E),
reflecting the bandgap dependence of light absorption. Titanium and iron oxides have
markedly different PRA values because their bandgaps respond most sensitively to different
wavelengths. This pattern illustrates how light wavelength controls mineral photoelectric
responses. Intermediate PRA values in mafic silicates indicate balanced UV–Vis absorption.
Felsic silicates approach titanium oxide behavior due to their wide bandgaps (4.31–6.08 eV)
(Figure 3). Ilm’s PRA (2.63) is close to that of iron oxides, likely due to their similar,
relatively low bandgaps (2–2.8 eV) (Figure 3). Importantly, PRA scales with bandgap width
but does not correlate monotonically with absolute photocurrent intensity (e.g., quartz
and feldspar).

Photocurrent curve shape—gradual, sharp, or slow—dynamically reflects carrier
recombination [82] and depends on both mineral type and light wavelength. Sharp-
type minerals, such as iron oxides, show peak Vis responses due to bandgap matching
(e.g., Syn_Hem: Eopt = 2.15 eV, Figure 3) [83]. Under UVB, excess photon energy causes
peak disappearance through thermal relaxation or defect trapping [84,85]. Slow-response
anatase exhibits spectral hysteresis under Xe and UVB light. This arises from indirect
bandgap-induced phonon coupling, which delays charge separation [86]. Gradual-type
silicates maintain stable responses, likely due to their wide bandgaps (>4 eV) and rigid
crystal structures [87]. This wavelength selectivity may reflect planetary environmental
adaptation: early Earth’s UV regime (~2.5 Ga, pre-ozone) favored silicate photoelectric
processes, whereas post-Phanerozoic ozone conditions enhanced Vis responses of iron
oxides [88,89]. Martian hematite may show UV-dominated photoresponse behavior distinct
from Earth [90].

Light wavelength modulates mineral degradation kinetics, as evidenced by first-order
exponential decay profiles (Figure 6) [91]. Syn_Hem displays rapid decay (k = 0.015 s−1,
Figures 6 and 7D) across all spectra likely due to FeOOH passivation (Fe2O3 + 6H+ + 2e− →
2Fe2+ + 3H2O) [92]. Syn_Ant shows UVB-specific degradation (k = 0.008 s−1, Figures 6 and 7D)
potentially from lattice oxygen loss (TiO2 + 2h+ → TiO2−x + 1/2O2) [93,94]. EM_Paleosol
replicates this UVB instability (Figure 7D). Silicates and aluminosites may maintain stability
through robust Si-O bonds and wide bandgaps.

The observed mineral photoelectrochemical behavior offers guidance for tuning
silicate-based photoelectrodes. Loading iron oxides onto mafic silicates increases WPD but
also raises Wk. In contrast, incorporating felsic minerals improves stability by reducing
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Wk, though it slightly lowers WPD (Figure 7H). Therefore, optimal performance requires a
careful balance between photocurrent density and stability (Figure 7H).

4.4. Element–Spectrum–Photoelectrochemical Multilevel Regulation Pathways

Electron-active elements and defects introduce intra-bandgap states (impurity/defect
energy levels) in natural silicates, substantially reducing their optical gaps. This effect
drives spectroscopic evolution and produces detectable impurity-like photocurrents. The
mineral photoresponse is further influenced by structural composition and light wave-
length, revealing a multiscale regulatory pathway: elemental composition → spectroscopic
parameters → photocurrent characteristics. Importantly, elements modulate photoelectric
responses through spectroscopic control, showing both scale dependence (from single
indicators to matrices) and wavelength selectivity (Figure 9).

 

Figure 9. Impurity-like photoelectric activity of natural silicate minerals—regulating factors (struc-
tural composition and wavelength)—multilevel regulation pathways.

Mineral photocurrent intensity correlates closely with spectroscopic features [95].
Beyond the bandgap, parameters such as absorption edge, maximum absorption peak, and
absorption area serve as secondary predictors (Figure 8A) [96]. Under visible light, strong
electro-optical correlations are observed (r = 0.6–0.8, Figure 8A), allowing photocurrent
to be predicted from spectral data. Under UVB, the correlation reverses (r = −0.4–−0.7,
Figure 8A). This wavelength-dependent behavior aligns with the previously discussed
photocurrent modulation mechanism. Minerals with strong visible-light absorption show
reduced UV conversion efficiency due to excess photon energy.

Elemental composition plays a critical role in determining both spectroscopic and photo-
electric properties (Figure 8C). In felsic and aluminosilicate minerals, the Al–O–Si bonding
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network can hinder visible-light photoresponse by limiting charge migration [75,76]. In
contrast, Fe enhances photoelectric activity through two possible pathways: (1) intrinsic semi-
conductor transitions of iron oxides and (2) Fe–O charge transfer, which creates intermediate
energy levels that facilitate carrier separation [43,81].

Matrix-level analysis shows a significant correlation between the elemental and elec-
trochemical matrices, while no strong association exists with the spectroscopic matrix
(Section 3.5). This indicates that elemental composition indirectly regulates photoelectric
response through its effect on spectroscopic characteristics, forming a cascade pathway:
“element → spectroscopy → electrochemistry” (Figure 9). This coupling effect can override
the wavelength dependence of the light source. Overall, Fe, Si, and Ti collectively dominate
photon capture by modulating absorption peak positions and edges, which directly affects
the behavior of photo-generated carriers (Figure 9). In contrast, the direct influence of
bandgap value is less pronounced. Fe emerges as the most critical regulatory element
(Figure 8D).

5. Conclusions
Combined spectroscopic and electrochemical analyses confirm that natural silicate

minerals exhibit detectable impurity-like photoelectric activity. This activity arises from
electron-active elements (e.g., Fe/Ti) and defect-induced local band structure modifications,
which reduce the optical gap to ≤4.13 eV and facilitate the separation of photo-generated
charge carriers. Mineral photoresponse is governed by intrinsic structural composition
(layered, chain, island, or framework) and extrinsic light excitation (UVB or visible). Mul-
tiscale analysis reveals a hierarchical regulation pathway of element → spectroscopy →
electrochemistry showing both scale-dependence and wavelength-selectivity, with Fe, Al,
Si, and Ti playing key roles.

These findings provide a theoretical framework for understanding photoelectron-
driven environmental and geological processes in natural silicates, including geological
evolution, energy conversion, and elemental cycling. This mechanistic insight also offers
fundamental guidance for the design of silicate-based materials. Beyond the strong photon-
to-electron conversion seen in Fe/Mn-rich mineral coatings (intrinsic band-to-band effect),
the subtle impurity-like photoelectron activity (arising from defect or impurity levels) in
mafic silicates may also contribute meaningfully at Earth’s surface. Future studies could
investigate charge carrier transport and specific regulatory mechanisms in natural silicates
under light excitation using in situ photoelectrochemical systems.
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