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CuO enhances the photocatalytic activity of
Fe203 through synergistic reactive
oxygen species interactions

GRAPHICAL ABSTRACT
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ABSTRACT

Iron oxide (a-Fe,O3, hematite) colloids were synthesized under hydrothermal conditions and investigated as
catalysts for the photodegradation of an organic dye under broad-spectrum illumination. To enhance photo-
catalytic performance, Fe,O3; was combined with other transition-metal oxide (TMO) colloids (e.g., CuO and
Zn0), which are sensitive to different regions of the solar spectrum (far visible and ultraviolet, respectively),
using a ternary blending approach for compositional mixtures. For a variety of ZnO/Fe,03/CuO mole ratios, the
pseudo-first-order rate constant for methyl orange degradation was at least double the sum of the individual
Fe,03 and CuO rate constants, indicating there is an underlying synergy governing the photocatalysis reaction
with these combinations of TMOs. A full compositional study was carried out to map the interactions between
the three TMOs. Additional experiments probed the identity and role of reactive oxygen species and elucidated
the mechanism by which CuO enhanced Fe,O3 photodegradation while ZnO did not. The increased photo-
catalytic performance of Fe,Oj in the presence of CuO was associated with hydroxyl radical ROS, consistent with
heterogeneous photo-Fenton mechanisms, which are not accessible by ZnO. These results imply that low-cost
photocatalytic materials can be engineered for high performance under solar illumination by selective pairing of
TMOs with compatible ROS.
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1. Introduction

The presence of molecular contaminants, such as pharmaceuticals,
pesticides, and personal care products, in water supplies is a growing
challenge [1,2]. These contaminants tend to persist through conven-
tional wastewater treatment processes, thus meriting their identifica-
tion as recalcitrant contaminants [3,4]. Even in trace amounts, these
contaminants can have negative effects on the environment (e.g.,
aquatic life) [5,6] and on public health [7]. Photodegradation with
semiconducting transition-metal oxides (TMOs) presents an appealing
method to remediate these contaminants [8-10], but only niche ap-
plications of such photocatalytic technologies have been realized
[11-13].

Semiconductor photocatalysis proceeds by a cascade of chemical
reactions. After absorption of a photon, a valence-band electron is ex-
cited to the conduction band generating an electron-hole pair [16,17].
This pair can migrate to the material surface, where it reacts with
surrounding water and dissolved oxygen to form reactive oxygen spe-
cies (ROS). It is these ROS that participate in the redox reactions that
lead to the degradation of contaminants. The dominant type of ROS is
determined by the photocatalyst bandgap energy and position in rela-
tion to the redox energies of oxygen species [18]. For example, pho-
toreactions that are catalyzed by titanium dioxide (TiO,) under ultra-
violet (UV) illumination involve formation of superoxide (O;~) and
hydroxyl radical (HO") ROS, while photoreactions with doped TiO,
under visible irradiation can form different ROS, including singlet
oxygen (10,) [19,20].

Largely, the limitations on TMO photocatalysts stem from low
photoconversion efficiencies due to poor (visible) light absorption and/
or high recombination rates of the photogenerated charge carriers
(electrons/holes), which inhibit their participation in surface chemical
reactions [14,15]. In a semiconductor, formation of photogenerated
charge carriers requires that the energy of incident absorbed photons
must at least match the bandgap of the semiconductor [16]. Thus, when
a single semiconductor is illuminated with a broad-spectrum light,
which includes significant spectral components below the semi-
conductor’s bandgap energy, a large amount of the incident radiation is
not utilized.

One approach to increase photoconversion efficiencies is to widen
the material’s absorption towards the visible region, where greater
(solar) spectral irradiance exists [11]. Methods to accomplish this in-
clude doping [21-23], dye sensitization [24], formation of hetero-
junctions with smaller band gap semiconductors [25-28], or use of
noble metals [29-34]. In particular, core-shell structures with Au or Ag
paired with a TMO have shown enhanced photocatalytic activity as the
plasmon resonance of the metal injects electrons to the conduction band
of the oxide, enhancing ROS generation pathways [29,35,36]. These
advanced materials show enticing structures and properties; however,
most require complicated synthesis procedures, which are difficult to
commercialize.

Since the earliest work of Kay, Cesar, and Gratzel [37], hematite
(iron (III) oxide, a-Fe;0O3) has shown great potential in solar-activated
catalytic processes [38,39], with performance enhancements achieved
through hierarchical structuring [40-44], doping [45], and engineered
nanostructures [38,39,46]. Seeking a simple route to enhance the
photocatalytic activity of Fe;O3; under solar illumination, we paired
Fe,03 colloids with other TMOs that are sensitive to longer and shorter
wavelengths of the solar spectrum. In particular, we investigated or-
ganic dye photodegradation by Zn, Fe, and Cu TMO colloidal mixtures,
hypothesizing that any observed rate enhancements would be corre-
lated to increased light harvesting afforded by the presence of TMOs
absorbing in different regions of the solar spectrum.

Herein we report on the enhanced photocatalytic performance of
colloidal Fe,O3 achieved by pairing it with other TMOs —UV active
zinc oxide (Zn0O) [47,48] and near-infrared active copper oxide (CuO)
[49,50]. We used nontoxic earth-abundant TMOs, synthesized under

mild hydrothermal conditions [51-54], and employed methyl orange
(MO) as a model contaminant probe molecule. When pairing Fe,O3
with CuO, the MO degradation rate constant more than doubled when
compared to that achieved with only Fe;03. We identified a mechanism
consistent with compatible pairing of like ROS and heterogeneous
photo-Fenton chemistries.

2. Material and methods
2.1. Materials

All reagents were used as received without further purification: zinc
nitrate hexahydrate (purum p.a., cyrstallized, =99.0 %; Sigma
Aldrich); hexamethylenetetramine (ACS Reagent, =99.0 %; Sigma
Aldrich); iron (III) chloride hexahydrate (puriss. p.a., Reagent Ph. Eur.,
>99 %; Sigma Aldrich); sodium phosphate monobasic dihydrate
(purum p.a., crystallized, =99.0 %; Sigma Aldrich); copper(Il) nitrate
trihydrate (purum p.a., 98 %-103 %; Sigma Aldrich); sodium hydroxide
(Certified ACS Reagent; Fisher Scientific); hydrogen peroxide (H,O,, 30
%; Fisher Scientific); methyl orange (Reagent Ph. Eur.; Sigma Aldrich);
titanium dioxide (TiO,, P25, Sigma Aldrich). All solutions were made
using 12 MQ MilliQ water.

2.2. ZnO synthesis

Particles of ZnO were synthesized hydrothermally in aqueous so-
lution according to procedures described in the literature [55]. In a
typical synthesis, 95 mL of 0.016 M zinc nitrate hexahydrate was stirred
and heated to 100 °C. Hexamethylenetetramine (HMTA; 0.210 g,
0.00150 mol) was dissolved in 5 mL of water and added to the reaction
mixture. The reaction mixture was heated while stirring for 90 min. and
was then cooled and filtered to collect the precipitated ZnO particles,
which were washed with water (2x) and ethanol (1x) and then dried
under vacuum.

2.3. Fe,03 synthesis

Spindle-type Fe,Os; particles were prepared as described by
Frandsen et al. [56]. Iron (III) chloride hexahydrate (1.08 g, 0.020 mol)
was dissolved in a solution of monosodium phosphate (200 mL, 0.09
mM). The solution was placed in a sealed glass media vessel and aged at
100 °C for 2 weeks. Following aging, the solution was cooled, and the
precipitated Fe,O3 colloids were collected via vacuum filtration, wa-
shed with water and ethanol, and then dried under vacuum.

2.4. CuO synthesis

Particles of CuO were synthesized hydrothermally in aqueous so-
lution using procedures previously reported in literature [57,58]. In a
typical synthesis, 50 mL of 0.1 M copper nitrate trihydrate were com-
bined with 50 mL 0.1 M HMTA and stirred while heating to 100 °C.
Once heated, 8 mL. 1 M NaOH were added to the reaction mixture. The
reaction mixture was heated for an additional 90 min. After cooling, the
precipitated CuO particles were collected via vacuum filtration, rinsed
with water (2x) and ethanol (1x), and dried under vacuum.

2.5. Illumination system

A broad-spectrum illumination system based on two tungsten ha-
logen lamps (ASI Illuminator, 50 W each) was used to supply light to
the photocatalytic experiments. The illuminators were placed on tri-
pods and pointed at a stir plate on which a glass jacketed beaker was
placed (Fig. S1). The lamps were positioned 35 cm above the stir plate
and 30 cm apart from each other. Lamps were angled such that beams
were directed at the center of the stir plate and were allowed to warm
up for at least 5 min. before each reaction. The incident spectral



irradiance (Fig. S2) was measured with a calibrated spectroradiometer
(Model HR-1024i, range 340-2500 nm, Spectra Vista Corp., USA) and a
calibrated diffuse reflectance target (Spectralon, Labsphere, USA) [59].

2.6. Photocatalytic reactions

In a typical photocatalytic reaction, 30 mg of the photocatalyst was
added to an aqueous solution of MO (40 mL, 25 mM) in a glass jacketed
beaker, which was maintained at 20 °C. A quartz disk was placed on top
of the beaker. The mixture of photocatalyst and contaminant was
stirred in the dark (protected from any light exposure) for 30 min to
allow for adsorption-desorption equilibrium between the MO and the
photocatalyst particles, after which time a 1.5 mL aliquot was with-
drawn (t = 0 min point). Then 100 pL of H>O, was immediately added,
and the beaker was illuminated. Aliquots (1.5 mL) were taken every 15
min for 1 h (4 aliquots) for analysis by UV-vis spectroscopy (UV-vis).
Aliquots were filtered through 0.20 um filters (Millex PTFE) to remove
the photocatalyst and then placed in a quartz cuvette (for UV-vis
analysis) [60].

2.7. Materials characterization instrumentation

The TMO photocatalyst samples were dispersed in ethanol and
drop-cast onto silicon wafers for imaging in a scanning electron mi-
croscope (SEM; Model 630, FEI, USA), which was operating at 5 kV and
a pressure of 0.1-0.5 mbar. The specific surface area of the TMO ma-
terials was measured by nitrogen adsorption via the Brauner-Emmet-
Teller (BET) technique with a NOVAtouch Surface Area and Pore Size
Analyzer (Quantachrome Instruments, USA) operating at 350.5 °C.
Samples were degassed under vacuum at 300 °C for 180 min before
measurement. Powder X-ray diffraction (pXRD) was performed with an
X’pert PRO diffractometer (Malvern PANalytical, UK) equipped with a
cobalt source running at 45 kV and 40 mA. The bandgap of the TMO
materials was determined from the Tauc plots of the Kubelka-Munk
functions of diffuse reflectance spectra (see Supporting Information)
collected with a fiber spectrometer (Flame-S-UV-vis-ES, Ocean Optics,
USA). Briefly, diffuse reflectance spectra were collected from com-
pacted TMO powders using a reflection probe (QR-400-7-SR). A ba-
lanced deuterium tungsten lamp (DH-2000-BAL) was used as the
broadband illumination source.

2.8. Sample analysis

A Genesys 10S UV-vis Spectrophotometer (ThermoFisher, USA) was
used for spectroscopic analysis. Samples in 1 x 1 X 4.5 cm quartz
cuvettes (Starna Cells, Inc.) were scanned from 650 to 200 nm at an
interval of 1 nm.

3. Results
3.1. Photocatalyst material characterization

All TMOs were formed as phase pure compounds, as characterized
by pXRD (Fig. S3). Commercial TiO5 (P25) was included as a photo-
catalytic reference material due to its extensive use in photocatalytic
studies [11,20,61-63]. Bandgap information was extrapolated from
Tauc plots (Eq. S1, Fig. S4) of diffuse reflectance spectra, and surface
area was measured by nitrogen adsorption with the BET technique
(Table 1). The morphology of the TMO materials was characterized
with an SEM (Fig. 1) and analysis of the images was used to measure the
distribution particle lengths (Fig. S5).

Colloids of each TMO composition were formed with homogeneous
size and morphology with an average length greater than 200 nm. The
individual ZnO particles were anisotropic rods with an average length
of 2.2 + 0.4 pm. The Fe,03 colloids were ellipsoidal with an average
length of 0.3 = 0.1 pm. The CuO materials were formed as spindle-

shaped aggregates with an average length of 1.5 + 0.2 pm. Specific
surface area of the particles ranged from a minimum of 3.37 m?/g for
ZnO to a maximum of 26.32 mz/g for Fe,03, as compared to 53.66 m?/
g for the commercial TiO,, which corresponds well with literature re-
ports for P25-type TiO5 [64].

3.2. Photocatalytic performance of individual TMOs

We used MO as a reference contaminant throughout our experi-
ments [65-68], illuminated reactions with a broad-spectrum tungsten
system [59], and added H,O- to each experiment as an ROS precursor
[49,69-71]. All individual TMO materials degraded MO under broad-
spectrum illumination (Figs. S6 and S7). Control experiments with
H,0, and light (no particles) did not yield appreciable degradation of
MO (Fig. S7). The rate constants for each TMO material varied by a
factor of 6 (Table 2), and the percentage of MO degraded after illumi-
nation for 60 min ranged from 7% to 78 %.

Overall, the relative ranking of the rate constants (Fe,O3 > TiO, ~
CuO > ZnO) seems to imply that Fe,O5 is the best-performing photo-
catalyst under these conditions, even though CuO receives a greater
incident irradiance (Fig. S2). The photocatalytic rate constants are in-
fluenced by the incident light irradiance and the surface area of the
materials themselves [72,73]. The role of incident irradiance (I,) was
accounted for through calculation of an apparent quantum efficiency
(@p0)> as described by Buriak et al. [74]. To better understand the
observed trends in the individual TMO experiments, the measured rate
constants (k) and the ¢,,, were normalized to their respective surface
areas (SA, Table 2).

The relative rank of the SA normalized rates was
CuO > Fe;03 > ZnO > TiO,, while the ¢, values ranked as
TiO, > Fe,03 > ZnO > CuO. Moreover, the quantity ¢,,,/SA ranked as
ZnO > TiO, > Fe,03 > CuO. These simple calculations illustrate that
as a material, CuO performs best on the basis of surface area, while TiO,
performs the best on the basis of available light (Fig. 1). In terms of the
quantity ¢,,,/SA, ZnO dominates, implying that it yields the highest
degradation rate per unit surface area for a given irradiance. Being that
ZnO had the lowest overall surface area, this outcome may be a con-
sequence of other factors—for example, the crystallography of the ZnO
particles themselves [41,75] or lower recombination rates [70,76].
Overall, these results illustrate the dependence of a material’s photo-
catalytic performance (e.g., photodegradation rate constant) on the
surface area as well as the incident irradiance at its absorption wave-
length. These results also provide insight into the selection of materials
for a given photocatalytic scenario. For example, other factors such as
recombination aside, the performance of ZnO may be enhanced by in-
creasing surface area and/or incident irradiance. On the other hand,
while the performance of CuO is strongly dependent on surface area,
increasing irradiance might not yield increased performance.

3.3. Photocatalytic performance of TMO combinations

Seeking to enhance photocatalytic performance of Fe,O3;, we made
mixtures of TMO colloids using a ternary approach, varying x, y, and 2z
for the general formula (ZnO),(Fe;03),(CuO),, where X, y, and z are
mole fractions of each TMO. This approach employed the blending
rationale used to construct ternary phase diagrams in materials science
and ceramic engineering [77] and allowed us to explore the many
possible ratios between ZnO, Fe,03, and CuO colloids. For each com-
bination, we performed photocatalytic degradation of MO and used the
pseudo-first-order rate constants as a metric to assess the performance
enhancement or lack thereof caused by mixing ZnO and CuO colloids
with Fe,03. We chose to use the pseudo-first-order rate constants as a
metric to allow broader interpretation of the results to other studies.

The ternary plot (Fig. 2a) illustrates one elevated region that spans
over the composition range of 0-0.2 ZnO, 0.6-0.8 Fe,03, and 0.15-0.40
CuO. The first-order kinetic-rate data for each point is included in the



Table 1

Pertinent information on transition-metal oxide compounds relevant to this work.

Compound Name Formula Bandgap® (eV) Wavelength” (nm) Specific Surface Area® (m?/g) Size,
Length’
(um)

Zinc oxide (zincite) ZnO 3.2 388 3.37 22+04

Iron oxide (hematite) a-Fe,03 2.1 590 26.32 0.3+0.1

Copper oxide (tenorite) CuO 1.7 729 5.94 1.5 0.2

Titanium dioxide (P25) TiO, 3.3 376 53.66 6.1 = 0.1°

> Converted from calculated bandgap data.
Single point BET, accuracy = 0.1 % pressure.

Obtained by image analysis of SEM images.
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e

Supporting Information (Table S1). The highest rate constant for MO
degradation was measured for the x = 0,y = 0.7, z = 0.3 combination
(0.045(5) min~1), which is at least double the fractional sum of the
individual rate constants for Fe,O3; and CuO (0.021 min~1). Similarly
high rate constants (0.039(3) and 0.038(2) min~!) were measured for
thex = 0.2,y = 0.6,z = 0.2 and the x = 0,y = 0.6, z = 0.4 com-
binations, which exceed the fractional sum of the individual TMO rate
constants (0.016(4), 0.017(4) min~Y). It is noteworthy that the rate
constant for all combinations was at least double the fractional sum of
the individual TMOs, indicating there is an underlying synergy gov-
erning the photocatalysis reactions with these TMO combinations.
Moreover, only small fractions of ZnO were tolerated in the mixtures;
addition of ZnO either decreased the rate constant or had no effect.

The photocatalytic synergy exhibited by the best performing TMO
combinations (x/y/z = 0/0.7/0.3, 0.2/0.6/0.2, 0/0.6/0.4, 0/0.8/0.2)
is unexpected when experimental aspects are considered. First, all
combination experiments were carried out with the same total mass of
the TMO catalyst and H,0,. Thus, due to competition for a fixed in-
cident light flux and HO, concentration, one might predict that the MO
degradation rates for the combination materials would decrease.
However, due to the lower surface area of CuO and ZnO as compared to
Fe,03, all the combination reactions had less photocatalyst surface area
present in solution than those with Fe,O3 alone (1.0896 m?, Table 2).
Regardless, all these combination experiments had rate constants that
were at least double that of Fe,O3 alone, implying that the synergistic
increases do not stem from surface area considerations.

A second and unexpected observation was that ZnO only contributes
minimally to the rate enhancement. In other words, the observed sy-
nergy is largely between Fe,O3 and CuO. For example, consider the 0.2/
0.6/0.2 Zn:Fe:Cu compound with a rate constant of 0.039(3) min 1.
When the ZnO fraction (0.2) is replaced with CuO, the 0/0.6/0.4
combination material, which has an equivalent rate constant (0.038(2)
min~1), is obtained (Table 3, Fig. S8). Conversely, the 0.66/0.34/0
combination material has a rate constant that is reduced to only 32 %
(0.012(1) min~?!) of the 0/0.6/0.4 material. In other words, ZnO does
not appear to be enhancing the rate constant by harvesting additional

Calculated from diffuse reflectance spectra, Tauc plots included in Fig. S4. All fitting errors were <0.1 eV.

Determined from laser-scattering analysis and does not well represent primary particle sizes due to aggregation.

wavelengths of light; ZnO seems to be inhibiting the photocatalytic
performance of Fe,O3;. Moreover, combinations of ZnO and CuO alone
have rate constants that are an order of magnitude lower in all cases
(e.g., 0.75/0/0.25, k = 0.0013 min~?).

Since the performance enhancements were most broadly observed
with CuO additions to Fe,0s3, a set of experiments with variable masses
of Fe;03 and CuO was performed to further define the compositional
range of their synergy. The variable mass experiments (Fig. 2b) iden-
tified two maxima in the rate constants for MO degradation: one at 25
mg Fe,03 and 5 mg CuO (0.045(5) min '), which is the x = 0,y = 0.7,
z = 0.3 combination; and another at 15.0 mg Fe,O3 and 7.5 mg CuO
(0.040(1) min~?, Table 3), which has equal mole ratios of Fe,O3 and
CuO (x = 0,y = 1.0,z = 1.0). In all cases, the fraction of CuO needed
to enhance Fe,O3 photocatalysis was equal to or less than the amount of
Fe,O3 present.

The different MO degradation rates for the combination TMO pho-
tocatalysts stimulated new questions. First, why does ZnO not enhance
the performance of Fe,O3 or CuO? Secondly, what causes the more-
than-additive rate constants in the mixed TMO materials? To answer
the first question, we had to rule out a few possiblities: that the larger
ZnO particles could be i) scattering or ii) blocking light from reaching
the other TMO particles or iii) that ZnO with its higher energy bandgap
could be absorbing higher energy photons, thereby reducing the irra-
diance available to excite CuO and Fe,Os. To investigate these possib-
lities, we performed experiments wherein ZnO was used as a filter for
photodegradations with the 0/0.5/0.5 combination by placing a drop-
cast layer of ZnO onto a quartz disc, which was placed above the re-
action beaker during illumination. With this configuration, we mea-
sured a rate constant of 0.030(3) min~'. When compared to the 0/0.5/
0.5 rate of 0.040(1) min " and the 0.2/0.6/0.2 rate of 0.039(3) min ',
it is evident that light blocking, scattering, or energy filtering by ZnO is
only a minor contributor to the rate decrease measured in the combi-
nation experiments. These results suggest that the lack of performance
gains with ZnO (first question) and the synergy measured in CuO:Fe,;03
combinations (second question) are related to ROS generation, mainly
the possiblity that ZnO may operate with different ROS as compared to

Fig. 1. Morphology of the TMO materials imaged with scanning electron microscopy: (a) ZnO, (b) Fe,Os, and (c) CuO.



Table 2

Properties, rate constants, and metrics of individual TMO photocatalyst experiments for the degradation of MO.

TMO  Surface Area (SA)" (m?) Incident Irradiance” (I,) Degradation after 60 min. (%) Rate Constant® (k) (min ™) k 1000 1000 * m2 1000
mo/SA (5 MO\ i PuolSA
min* W

‘min

(W/m?)
ZnO 0.101 2.6 7+3
Fe;O3 1.090 31.4 78 £ 10
CuO 0.178 56.6 24 + 4
TiO, 0.805 1.7 27 £ 2

0.001(2) 11.9 0.46 4.57
0.025(6) 22.6 0.78 0.71
0.005(1) 25.3 0.08 0.45
0.0052(1) 6.45 3.05 3.80

@ Calculated from specific surface area and actual mass of photocatalyst used in solution.
" Integrated from spectral irradiance data over a 50 nm span centered on the relevant wavelength.
¢ All reactions used 30 mg TMO photocatalyst in 40 mL of 25 yM MO. In addition, 100 pL of H>0, (30 %) was added to all TMO experiments except those with

TiO,.
Rate
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Fig. 2. Contour maps showing pseudo-first-order kinetics for the degradation of
MO with mixed phase TMO photocatalytic materials. (a) A ternary blend of all
three TMO photocatalytic materials used to determine the optimal mole frac-
tion of combination TMO materials. All experiments were conducted with a
fixed mass of 30.3(8) mg of photocatalyst. (b) Variable mass experiments with
various mass ratios of Fe,O3-CuO used to find the optimal mass loading for
photocatalysis experiments. Two maxima occur: one at 15 mg Fe;O3 + 7.5 mg
CuO (x/y/z = 0/0.5/0.5) and another around 25 mg Fe,O3 + 5 mg CuO (x/y/z
= 0/0.7/0.3). Experiments were conducted in 40 mL of 25 uM MO with 100 pL
of H,O, (30 %). A table containing mole frations and rates for each data point
are included in the supporting information (Table S1 and S2).

Fe,03 and CuO.

3.4. Mechanism of photocatalytic synergy in mixed TMO compounds

In an effort to understand the enhanced degradation rates in Fe30,-
CuO combinations and the limited gains with ZnO, we performed ad-
ditional experiments adding and removing HO" ROS in the reaction
solutions. The addition of H,O, was used to supply an ROS precursor to

Table 3
High performance TMO photocatalyst combinations and their respective rate
constants.

Zn0/Fe,05/Cu0® Total Surface Area (SA)” (m?) Rate Constant®™!
(mole fraction) k)

(min~")
0.2/0.6/0.2 0.465 0.039(3)
0/0.7/0.3 0.688 0.045(5)
0/0.8/0.2 0.736 0.041(3)
0/0.6/0.4 0.632 0.038(2)
0/0.5/0.5" 0.439 0.040(1)

@ All combinations used a total mass of 30 mg in 40 mL of 25 uM MO except
the 0/0.5/0.5 formula, which used a total mass of 22.5 mg.

b Calculated from specific surface area and the actual mass of photocatalysts
used in solution.

¢ Reaction solutions included 100 pL of Hy0, (30 %).

4 Sum of incident irradiance at relevant wavelengths (388, 590, and 729 nm)
= 90.6 W/m? for the 0.2/0.6/0.2 combination; all other reactions had incident
irradiance at relevant wavelengths (590 and 729 nm) = 88.1 W/m?.

HO" species; the addition of tert-butanol (TBOH) was used to remove
HO' species [78].

We first performed serial additions of HO* ROS by adding variable
amounts of H,O, to reactions with individual and combination TMOs
and monitored the kinetics for MO degradation. Very different de-
pendencies on H,0, were observed for the individual TMO compounds
(Fig. 3). For example, the rates for MO degradation by CuO were only

0.05 4
—e— Cu0

{ —=—Fe,0,
—A—Zn0

0.04 4 —e—0/0.7/0.3
*—0.2/0.6/0.2

0.03 4

0.02 +

Rate Constant k (min™")

H,0, (30 wt%) Added (uL)

Fig. 3. Experiments performed with serial additions of H>O, as a precursor for
HO* ROS. The lack of ZnO dependence on increasing H,O- indicates that ZnO
photocatalysis does not strongly depend on HO* ROS. The steep dependence of
0.2/0.6/0.2 and 0/0.7/0.3 combination TMOs on H,0, indicates HO® as the
dominant ROS in these reactions. All experiments were performed in 40 mL of
25 pM MO with 30 mg of photocatalyst materials. Illumination was performed
for up to 60 min.
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Fig. 4. The observed pseudo-first-order rate constants for experiments with and
without TBOH (30 mM) as a scavenger for HO". In the experiments with in-
dividual photocatalysts, TBOH decreases the MO degradation rate by over 50 %
for CuO and Fe,O3 but only by 12 % for ZnO. In both experiments with the
combination photocatalytic materials, the presence of TBOH decreases the rate
constant by over 75 %. All experiments were performed in 40 mL of 25 pM MO
with 30 mg of photocatalyst material. Illumination was performed for up to 60
min. The data table is included in SI (Table S3).

slightly enhanced by the addition of H,0,; however, the rate constant
of Fe,O3 doubled as H,O, was increase from 10 to 50 pL and seemed to
saturate by 100 pL. Moreover, the 0.2/0.6/0.2 and 0/0.7/0.3 combi-
nation materials both showed a steep dependence on increasing H,0,,
neither reaching a plateau before 100 pL. Importantly, rate constants
for degradation of MO by ZnO showed no dependence on the amount of
H,0, in solution. While these results are not a full ROS characteriza-
tion, they do imply that ZnO-catalyzed photodegradation mechanisms
do not rely on H,0,, which is a HO* ROS precursor.

Experiments to serially remove HO® ROS from reactions were per-
formed by adding TBOH as an HO* scavenger [78]. Experiments with
Fe,03 and CuO alone both exhibited at least a 50 % decrease in rate
constant with TBOH in solution (Fig. 4). The 0/0.7/0.3 and 0.2/0.6/0.2
combination materials exhibited a 66 % decrease in the rate constant
(from 0.045 to 0.015(2) min~ ' and from 0.039 to 0.0096(3) min ™",
respectively) when HO® were consumed by the presence of TBOH
(Figs. 4 and S9). These results indicate not only that CuO and Fe,;O3
likely rely on HO" as their primary ROS but also that the synergy ob-
served is dependent on the presence of HO* ROS. On the other hand,
when HO" are quenched from experiments with ZnO the MO degrada-
tion rates are not appreciably affected, leading us to believe that HO"
ROS interactions and subsequent quenching in the presence of ZnO [79]
govern the CuO/Fe,05 synergy.

4. Discussion

The photocatalysis reactions carried out with the individual TMOs
showed degradation kinetics that were on par with literature reports.
Our results for TiO, under broad-spectrum light yielded 27 % =+ 2%
degradation for MO after 1 h. Literature reports on methylene blue
(MB) degradation by TiO, (P25) under visible and UV illumination have
reported 12 % and 25 %, respectively, after 1 h [80]. Our MO photo-
oxidation reactions with ZnO were generally lower than those reported
in literature for MB [81] and rhodamine B (RB) [82], likely due to the
lower surface-area morphology of our ZnO materials [83]. The Fe,O3
materials of this study produced a very similar rate constant as reported
for photodegradation of RB with Fe,O3 nanostructures [84], MB with
Fe,0s3-kaolin composites [85], and MO with mixed Fe,O3; materials

[86]. We measured similar rate constants for MO degradation with CuO
as was reported for MB degradation with CuO microspheres [69] and
CuO architectures synthesized using bioinspired methods [87].

To date, most research on combination TMO photocatalyts has
targeted composite-type materials, where the TMOs are combined as a
single material, sharing interfaces with (intimate) nanoscale contact.
Such investigations have included CuO-TiO, [88,89], Fe,O,-TiO, [90],
and ZnO-CuO [91,92] materials among many others [28,93-96]. As an
example, consider that CuO materials decorated with up to 25 % ZnO
were reported to have a threefold increase in rate constant over pure
CuO alone; the enhancement was attributed to improved charge se-
paration facilitated by ZnO [70]. In contrast, our results indicate that
ZnO halts or decreases the rate constant for MO degradation, implying
that a different mechanism is at play. In a different report, CuO and ZnO
nanoparticles were physically mixed in arsenic-containing solutions,
with a maximum in the rate constant at 20 % CuO [97]. Similar to the
report above, Samad et al. ascribed their increased rate constant to
effective charge transfer between the two oxides, which would enhance
charge carrier lifetime as a means to increase the formation of ROS
[971.

Since our materials are macroscale mixtures of microscale colloids
in solution, where the interactions between the different materials takes
place through the aqueous matrix, we suspected that it was ROS in-
teractions in solution that were responsible for the resulting degrada-
tion kinetics and not the materials themselves enhancing carrier life-
times through charge separation. In aqueous solution, metal cations and
oxides can activate H,O, to produce HO® through a process that is
known as the Fenton (or photo-Fenton if light is applied) reaction [98].
The most classic description of this chemistry involves iron (Egs. (1)
and (2)),

Fe?* + H,0, —» Fe3* + HO' + OH~ (k = 63-76M"'s™1) @
Fe’* + H,0, — Fe?* + HO; + H* (k = 0.001-0.01M~!s7}) 2

where applied UV irradiation enhances the HO® yield by reducing Fe®™*
back to Fe?*. Moreover, in solution with organic dyes the excited state
dye can intermolecularly transfer an electron to enhance the Fe** to
Fe?* conversion [98]. Importantly, these reactions can take place
heterogeneously on solid iron (oxide) surfaces [99-103]. Other metal
surfaces, including copper [104,105], can participate in Fenton-like
reactions to produce HO". In contrast, zinc(II) cations are stable (elec-
tron configuration 3d'°) and thus do not readily participate in redox
(Fenton) reactions. As a result, Fe,O3 and CuO photocatalytic reactions
are strongly dependent on HO* ROS while ZnO reactions are not.

The HO" -addition experiments (Fig. 3) illustrate the dependence of
Fe,05 (and CuO to a lesser extent) photoreactions on H,0,. In addition,
these experiments illustrate a very strong dependence of the Fe;03-CuO
combinations on added H,0,. Moreover, these experiments revealed an
additional feature of the 0/0.7/0.3 Fe,;03-CuO combination photo-
catalyst reactions: a measureable zero-point photodegradation rate
(0.002(1) min~ 1) in the absence of added H,O,. This finding implies
that the CuO-Fe,O3 combination is effective at generating ROS and
possibly the ROS precursor HyO,.

It is well known that H,0, is activated to HO* by UV light (Eq. (3))
[71]:

A<300nm

HO0,+hm = 20H 3)

Our illumination source had limited incident UV (Fig. S2) thus the
generation of HO" from H,O, is predominantly orchestrated by the
oxide photocatalyst materials themselves. Our results indicate that
Fe,03 reaction kinetics are strongly dependent on H,O- (Fig. 3) and
HO* ROS (Fig. 4). In addition, CuO has been reported to produce H,0,
via two-electron reduction in water (Eq. (4)) [106] and to decompose
H,0, in the absence of light (Eq. (1)) [39,107]:

Cu“ + ZHOZ g CMO + HzOz + 2H* (4)
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ROS than Fe,O3 and CuO.

In the context of these previous reports, our results describe a sce-
nario wherein the synergistic effects present in the 0/0.7/0.3 combi-
nation arise from reactions between the TMOs and H,0, in solution.
Specifically, we posit that CuO plays a supportive role to Fe,O3 pho-
tocatalysis by decomposing H,O, to generate HO* ROS. With additional
ROS available, the Fe,O, reaction kinetics are enhanced without a re-
quired increase in the incident irradiance or Fe,O3 surface area.

The bandgap energies of the TMOs used in this study further cor-
roborate the redox chemistry above. Smaller bandgap materials, such as
Fe;O3; and CuO, have valence-band edges that are greater than the
oxidation potential of H,O (Fig. 5). As a result, it is energetically fa-
vorable for a photogenerated hole (h*) on Fe;O3 or CuO to participate
in HO" generation by H,O oxidation. Larger bandgap materials, such as
ZnO, have valence-band edges that are below the H,O oxidation po-
tential for HO® formation, but their conduction band edges are below
the reduction potential for O,. This means that it is energetically fa-
vorable for the photogenerated electron from ZnO to participate in O,
reduction to generate non- HO® ROS (e.g., O;7). In a system containing
both types of materials (wide and small bandgap), the two processes
conflict. For example, H,O, can be reduced to water by O, ROS
[18,19] thereby quenching HO" sources (e.g., H»O5) from solution to
decrease the photodegradation rate constants. In the context of our
results, these interactions describe a consistent scenario wherein ROS
interactions can be leveraged to enhance photocatalytic degradation of
contaminants in water. In particular, mixed compounds with similar
ROS chemistries can yield gains that exceed the sum of their parts.

5. Conclusions

By combining TMO photocatalysts (ZnO, Fe;O3, and CuO) with
different bandgap energies, we were able to enhance the photocatalytic
performance of Fe,03 for removal of MO from aqueous solutions. While
all three TMOs are capable of harvesting wavelengths of light from
different regions of the solar spectrum, it was predominantly Fe,Os-
CuO combinations that had enhanced performance. The negative effect
of combining Fe,O5 (as well as CuO) with ZnO provided insight into the
mechanism governing the Fe,03-CuO synergy. This synergy, which is
related to more than just increased light harvesting by multiple oxides,
results from mechanisms that involve ROS interactions, in particular, a
like identity between the ROS in each of the TMOs. Thus the de-
gradation kinetics of the Fe,03-CuO combination materials, where both
oxides predominantly operate with HO* ROS, are not enhanced by the
addition of ZnO, which was found to have ROS mechanisms that do not
depend on HO* ROS. We identified a mechanism that is consistent with
compatible pairing of ROS and heterogeneous photo-Fenton chemis-
tries. These findings provide a fundamental design methodology to
achieve high photocatalytic performance in low-cost, earth-abundant

materials based on their bandgap energies and their relation to ROS
energies. This approach may open new pathways to enhance photo-
catalytic removal of small molecule contaminants from water beyond
only niche applications.
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SUPPORTING INFORMATION

PHOTOCATALYSIS EXPERIMENTAL SETUP:

— Tungsten-Halogen Lamps

Quartz Disk

- Jacketed Beaker

Stir Plate

— Water Bath

Figure S1. Graphical illustration of the experimental setup used to perform full-spectrum
illumination to photocatalysis experiments performed in the laboratory.
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Figure S2. Spectral irradiance of the tungsten halogen illumination system used for
photocatalysis experiments. The response wavelengths of each of the transition metal oxide

photocatalysts is included. See also Table 1. Note the illumination system is based on two 50
Watt tungsten halogen bulbs.
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PHOTOCATALYST CHARACTERIZATION:
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Figure S3. Phase analysis by powder X-ray diffraction on the three photo-active transition

metal oxides studied in this work.
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BANDGAP DETERMINATION

The reflectance (R) spectra was analyzed with the Kubelka-Munk function (Eq. S1) and Tauc
plots to calculate the bandgap of the transition metal oxide materials. In short, the K-M function
is used to make Tauc plots, which are constructed as F(R) * E? for direct and F(R) * E/? for
indirect energy transitions. Upon plotting these constructions versus energy, the bandgap is
found from the energy intercept from extrapolation of the linear region of the plot (Fig. S4).

2

1-R
F(R) = Eq. S1
2R
—2Zn0 —— Fe,0,4
—— linear fit — linear fit
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a) ev b) ev
7
CuO —— P25
— linear fit —— linear fit
/
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Figure S4. Tauc plots of diffuse reflectance data for the determination of band gap of the

transition metal oxide materials: (a) ZnO, (b) Fe203, (¢) CuO, and (d) TiO2. Note: The P25 (TiO)

material was treated as indirect gap due to the mixed phase (rutile, anatase) nature of this
material.
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PHOTOCATALYST SIZE ANALYSIS:
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Figure S5. Particle-size distributions obtained from image analysis of SEM micrographs of each

transition metal photocatalyst: (a) CuO, (b) Fe2O3, and (c¢) ZnO.
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PHOTOCATALYTIC EXPERIMENTS:
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Figure S6. A representative UV-Vis Spectrum of methyl orange (MO) degradation by transition
metal oxide (TMO) photocatalysts; Fe>Os shown here. The initial MO concentration is 25 pM.
Solution volume was 40 mL with 30 mg photocatalyst. The baseline sample represents the MO
solution prior to stirring with the photocatalyst, and TO represents the MO after 15 min stirring
with photocatalyst, prior to illumination. Hydrogen peroxide (100 uL of 30%) was added
immediately after the TO sample was taken.
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Figure S7. First-order rate-constant plots for the degradation of MO with the individual photo-
active TMO materials, shown in reference to (commercial, P25) TiO,. Slope values are
equivalent to the first-order rate constants and are included in the legend. For more information,
see Table 2 of the main text. Experiments designated as “Blank” were conducted with
illumination only (no TMO, no hydrogen peroxide). Experiments designated as H.O2 were
conducted with hydrogen peroxide under illumination (no TMO). All experiments were
conducted with 40 mL of 25 yM MO; all experiments except TiO. contained 100 pyL hydrogen
peroxide (30%).
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Table S1. Mole fraction and rate values from triaxial blend studies on photocatalyst

combinations

Notes: All 30 mg (30.3(8)) mg, 40 mL of 25 uM methyl orange solution, 100 uL H20..

Mole Fraction

Rate Constant (k)

ZnO Fe.03 CuO min-'! error
0.25 0 0.75 0.0032 0.0004
0.50 0 0.50 0.0050 0.0005
0.75 0 0.25 0.0013 0.0002
0.66 0.34 0 0.0115 0.0001
0 0.14 0.86 0.019 0.001
0 0.33 0.67 0.024 0.001
0.33 0.33 0.33 0.020 0.001
0.40 0.20 0.40 0.02 0.002
0 1 0 0.025 0.006
0 0 1 0.0045 0.0008
0 0.50 0.50 0.0208 0.002
1 0 0 0.0012 0.002
0 0.80 0.20 0.041 0.003
0.20 0.80 0 0.0079 0.0003
0 0.58 0.42 0.038 0.002
0.19 0.20 0.60 0.027 0.004
0.22 0.57 0.213 0.039 0.003
0.58 0.21 0.21 0.019 0.002
0 0.72 0.28 0.045 0.005
0 0.84 0.156 0.041 0.003
0.145 0.85 0 0.0079 0.0003
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Table S2. Actual values from Fe;03-CuO variable mass study

Mass Fe;0; Mass CuO Rate Constant | Rate Constant
(mg) (mg) (k) (min™") Error (min-)
0 15 0.0046 0.0004
10 5 0.0169 0.0005
15 7.5 0.04 0.001
20 10 0.0208 0.002
15 0 0.013 0.003
30 0 0.025 0.006
0 30 0.0045 0.0008
0 20.6 0.0051 0.0002
0 9.6 0.0036 0.0003
0 4.8 0.0033 0.0002
4.7 0 0.0058 0.0006
9.33 0 0.011 0.002
19.2 0 0.0165 0.005
15 5 0.024 0.001
15 10 0.031 0.001
15 15 0.024 0.001
27 3 0.041 0.003
7.5 225 0.019 0.001
22.5 7.5 0.038 0.002
20.6 20.3 0.028 0.003
0 0 0 n/a
247 10.1 0.033 0.001
24.6 247 0.031 0.002
25.4 4.97 0.045 0.005
29.5 29.4 0.033 0.003

Notes: Experiments had variable total mass TMO combinations with 40 mL of 25 yM methyl

orange and 100 pL H20- (30%).
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Figure S8. First-order MO degradation kinetics observed with the photocatalytic materials in
combination compared against the kinetics of individual photocatalysts. Slope values are
equivalent to the first-order rate constant and are compiled in the legend. For more information,
see Figure S7 and Table 3 of the main text. Experiments were conducted with 40 mL of 25 uM
methyl orange and 100 pL H20; (30%).
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HYDROXYL RADICAL STUDIES:
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Figure S9. First-order MO degradation kinetics with individual photocatalysts and photocatalyst
mixtures, with and without hydroxyl radical scavenger tert-butanol (TBOH). (a) ZnO, (b) Fe20s,
(c) CuO, (d) 7:3, and (e) 1:3:1.
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Table S3. Rate values for scavenging experiments show in Figures 4 and S9.

Material Rate w/out TBuOH Rate w/TBuOH % Reduction
Zn0O 0.0016(1) 0.0014(1) 12.5
Fe203 0.018(1) 0.0086(1) 52.2
CuO 0.0034(2) 0.0017(1) 50.0
7:3 0.045(5) 0.015(4) 66.7
1:3:1 0.039(3) 0.0096(1) 75

Note: individual TMO scavenging experiments were conducted using 15 mg of each

photocatalyst material.
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