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Enhancing Oxygen Reduction Reaction on Mn-Doped ZnO Catalysts: Structural, Electronic, and Mechanistic Insights for Selective Peroxide Production
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Table S1. Fitting parameters for C1s (following Grey et al.’s model) and Mn (following Ilton et al.’s model).
	Region
	Species
	Peak
	Binding Energya
	Areaab
	FWHMac
	Lineshape

	C 1s
	C-C, C-H
	A
	284.8d
	-/-
	-/-
	GL(30)

	
	C-O
	B
	A + 1.5
	-/-
	A * 1
	GL(30)

	
	C=O
	C
	A + 3
	-/-
	A * 1
	GL(30)

	
	O-C=O
	D
	A + 4.3
	-/-
	-/-
	GL(30)

	
	C*-C-O
	E
	A + 0.2
	B * 1.25
	A * 1
	GL(30)

	
	C*-C=O
	F
	A + 0.4
	C * 1.5
	A * 1
	GL(30)

	
	C*-(C=O)-O
	G
	A + 0.4
	D * 1
	A * 1
	GL(30)

	Mn 2p3/2
	Mn4+
	A
	844.45 – 544.85
	-/-
	-/-
	GL(50)

	
	
	B
	A - 0.78
	A * 0.534
	A * 1
	GL(50)

	
	
	C
	A + 1.37
	A * 0.496 
	A * 1
	GL(50)

	
	
	D
	A + 2.07
	A * 0.277
	A * 1
	GL(50)

	
	
	E
	A + 2.84
	A * 0.167
	A * 1
	GL(50)

	
	
	F
	A + 3.75
	A * 0.087
	A * 1
	GL(50)

	
	
	G
	A + 4.84
	A * 0.036
	A * 1
	GL(50)

	
	
	H
	A + 5.06
	A * 0.0013
	A * 1
	GL(50)

	
	Mn3+
	A
	844.91 – 845.31
	-/-
	-/-
	GL(50)

	
	
	B
	A - 0.79
	A * 0.955
	A * 1
	GL(50)

	
	
	C
	A + 0.68
	A * 0.798
	A * 1
	GL(50)

	
	
	D
	A + 1.44
	A * 0.618
	A * 1
	GL(50)

	
	
	E
	A + 2.26
	A * 0.326
	A * 1
	GL(50)

	
	
	F
	A + 3.2
	A * 0.175
	A * 1
	GL(50)

	
	
	G
	A + 4.22
	A * 0.073
	A * 1
	GL(50)

	
	
	H
	A - 2.49
	A * 0.036
	A * 1.274
	GL(50)

	
	Mn2+
	A
	847.2 – 847.6
	-/-
	-/-
	GL(50)

	
	
	B
	A + 1.04
	A * 0.705
	A * 1
	GL(50)

	
	
	C
	A + 1.8
	A * 0.507
	A * 1
	GL(50)

	
	
	D
	A + 2.68
	A * 0.356
	A * 1
	GL(50)

	
	
	E
	A + 3.76
	A * 0.164
	A * 1
	GL(50)

	
	
	F
	A + 4.85
	A * 0.08
	A * 1.315
	GL(50)

	
	
	G
	A + 6.88
	A * 0.32
	A * 2.118
	GL(50)

	
	
	H
	A - 1.65
	A * 0.036
	A * 1.157
	GL(50)


Notes: a) for constrained species, the notation will be “Peak” + chemical shift; b) if the area is labeled -/- it is an unconstrained variable; c) if the FWHM is labeled -/- it is an unconstrained variable; d) value calibrated against at 284.8 eV
Scanning electron microscopy 
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[bookmark: _Ref194755988]Figure S1. SEM micrographs and elemental mapping of the catalysts. The catalysts demonstrated that they were homogeneous and evenly distributed across the sample.
Scanning Electron Microscopy (SEM), combined with Energy Dispersive X-ray Spectroscopy (EDS), was employed to analyze the morphology, particle distribution, and elemental composition of the synthesized ZnO-based catalysts. Figure 3 presents representative SEM micrographs along with corresponding elemental mapping for Zn, O, and Mn in pure ZnO, Mn0.036Zn0.95O, and Mn0.12Zn0.97O samples. The SEM micrographs reveal that all the catalysts exhibit a polycrystalline morphology composed of small, irregular particles with a tendency toward agglomeration. The agglomerated nature of these particles is consistent across all samples, indicating similar crystallization behavior regardless of the manganese doping levels.
[image: ]
Figure S2. EDS histogram of MnZnO, manganese loading concentration 5%.
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Figure S3. EDS histogram of MnZnO, manganese loading concentration 10%.

Raman Spectroscopy Analysis of ZnO and Mn-Doped ZnO Catalysts
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[bookmark: _Ref194754562]Figure S4. Raman spectra of pure ZnO and Mn0.088Zn0.82O catalysts. Note the reduction in intensity of the E₂(high) mode (~450 cm⁻¹), and the enhanced intensity, broadening, and shifting of the A₁(LO) vibrational mode (~535 cm⁻¹) upon Mn doping. The E₁(high) mode appears shifted and partially overlapped as a shoulder at ~580 cm⁻¹. 
Raman spectroscopy was utilized to investigate the vibrational properties and structural changes induced by manganese doping in the ZnO lattice.  We only analyzed the sample of lower manganese loading level since in the XRD we did not observe the presence of other crystalline species. Figure S4 displays the Raman spectra obtained for pure ZnO and the Mn-doped sample Mn0.088Zn0.82O.
For the pure ZnO catalyst, the characteristic Raman vibrational modes are identified. Specifically, the sharp and intense peak observed at approximately 450 cm⁻¹ corresponds to the E₂(high) mode, characteristic of the wurtzite ZnO crystal structure.1 Additionally, distinct vibrational modes appear at around 550 cm⁻¹ (A₁(LO) mode) and 558 cm⁻¹ (E₁(high) mode), although the latter is significantly less intense in the pure ZnO spectrum. Upon doping with manganese, notable differences emerge in the vibrational spectra compared to the pure ZnO. The E₂(high) vibrational mode, at approximately 450 cm⁻¹, exhibits a noticeable decrease in intensity, indicating disruptions in the ZnO crystal symmetry due to Mn incorporation. Furthermore, the A₁(LO) mode experiences a pronounced increase in intensity, broadening, and a notable shift to a lower wavenumber (from 550 cm⁻¹ to around 535 cm⁻¹). The E₁(high) mode, initially at 558 cm⁻¹ in pure ZnO, shifts toward lower wavenumbers (around 580 cm⁻¹) and appears as a shoulder merged into the broadened A₁(LO) peak.
These spectral modifications—reduction in E₂(high) mode intensity, shift and broadening of the A₁(LO) peak, and the displacement of the E₁(high) mode has been assigned as doping agents occupying tetrahedral sites within the wurtzite structure of ZnO and/or at the defect’s sites of the material.2,3As Gandhi, et. Al. and Chanda and collaborators stated independently the changes in spectra and the data obtained in the XRD shows that the inclusion of doping agents changes the electronic properties of the material. Such findings align well with previous reports on metal-doped ZnO materials, reinforcing the conclusion that manganese doping mainly impacts lattice vibrations through subtle distortions rather than promoting significant phase segregation or secondary phase formation.4–6
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