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Properties of Metal Oxide NP Suspensions and Films 

Size distribution curves of metal oxide NP suspensions in n-butanol from dynamic light scattering are shown in Figure S1. As noted in the main text, the dispersed NPs are ~ 1 nm in size, with reasonably narrow size distributions.
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Figure S1. Size distribution curves of (a) MoO3 NP, (b) WO3 NP, (c) NiOx NP, and (d) CoOx NP suspensions in n-butanol from dynamic light scattering.
For thickness measurements, 0.025M metal oxide NP suspensions were spin coated four times at 8000 rpm on cleaned ITO on glass. Spectroscopic ellipsometry data was collected on a J. A. Woollam M-2000DI, and was fitted between 450-700 nm. The film model used for fitting consists of 1 mm glass (“7059_Cauchy”), 134 nm ITO (“ITO_parameterized”, fitted previously for bare ITO substrate), and a Cauchy film (k amplitude = 0) for the metal oxide NP film, with zero surface roughness. Good fits were achieved (mean square error < 5), and the fitted metal oxide NP film thickness values are 3.8 ± 0.1 nm for MoO3, 2.5 ± 0.1 nm for WO3, 7.6 ± 0.1 nm for NiOx, and 6.4 ± 0.1 nm for CoOx. We note that the thickness values are not definitive. For example, if the ITO thickness in the model was decreased to 130 nm, which can easily happen due to batch-to-batch variation from the supplier, the fitted MoO3 thickness became 7.3 ± 0.1 nm. Nevertheless, the spectroscopic ellipsometry data is in agreement with the WF data showing thin metal oxide NP films are deposited on top of ITO substrates by spin coating. 

UPS spectra of MoO3 NP and WO3 NP films with He I excitation (21.2 eV) provides information on their work function value and valence band position (Figure S2).  Φ measured from the photoemission cutoff is 5.5 eV for MoO3 (Figure S2a, left) and 4.9 eV for WO3 (Figure S2b, left). Φ values are similar to the values measured by Kelvin probe for MoO3 (5.20 eV) and WO3 (5.31 eV), but with notable discrepancy. The discrepancy may be caused by different degrees of desorption of ambient contaminants when placed in vacuum for UPS, or by photoinduced shifts of the Fermi level in the films under He I excitation. Also, UPS samples a smaller area (~ 150 μm2) compared to Kelvin probe measurement (~ 3 mm2), and thus is more susceptible to variations within the NP film. The valence band spectra shows onsets at 3.1 eV for MoO3 (Figure S2a, right) and 3.3 eV for WO3 (Figure S2b, right) that correspond to the difference between Φ and IE.  Thus, IE is 8.5 eV for MoO3 and 8.2 eV for WO3. By subtracting bandgap from IE, EA is found to be 5.55 eV for MoO3 and 4.75 eV for WO3.  A comparison of Φ and EA shows that MoO3 and WO3 are n-type materials.
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Figure S2. UPS spectra of (a) MoO3 NP and (b) WO3 NP films with He I excitation. The photoemission cutoff (left) and valence band spectra onset (right) are shown in expanded scale.

UV-vis absorbance spectra were collected for 0.1M metal oxide NP suspensions. When α2 was plotted vs. photon energy, where α is the absorption coefficient, for MoO3 and WO3 (Figure S3a), a linear relationship is observed, and their onset values correspond to direct bandgaps of 2.95 eV and 3.45 eV, respectively. In contrast, NiOx and CoOx exhibit multiple absorption features (Figure S3b) due to intraband d-d transitions in addition to the bandgap transition. Thus, literature bandgap values for NiOx (3.7 eV) and CoO (2.4 eV) were used.
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Figure S3. Optical properties of metal oxide NP suspensions in n-butanol. (a) α2 vs. energy for MoO3 (red) and WO3 (orange) NP suspensions. Dash lines indicate the extrapolated bandgap values. (b) Absorbance vs. energy for NiOx (green) and CoOx (blue) NP suspensions.

PESA spectra of NiOx NP and CoOx NP films show a threshold at photon energy of 5.55 eV and 5.70 eV, respectively (Figure S4), which corresponds to their IE. The linear relationship between yield0.33 and photon energy indicates that both films are semiconducting.[1] As noted in the main text, the similarity between Φ (5.1 – 5.2 eV) and IE suggests that NiOx NP and CoOx NP are p-type materials.
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Figure S4. PESA data of NiOx NP (green inverted triangles) and CoOx NP (blue diamonds) films, showing onsets corresponding to IP values of 5.55 and 5.7eV, respectively.
The O 1s XPS spectra for NiOx and CoOx NP films show contribution from multiple oxidation states (Figure S5). As noted in the main text, the NiOx spectra shows peaks at 529.2 eV, 530.5 eV, and 532.2 eV, corresponding to NiO, Ni(OH)2, and NiOOH, respectively (Figure S5a). The CoOx spectra shows peaks at 529.6 eV, 531.0 eV, and 532.7 eV, corresponding CoO, Co(OH)2, and adsorbed H2O, respectively (Figure S5b).
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Figure S5. O 1s spectra of metal oxide NP films: (a) NiOx. (b) CoOx. Crosses represent experimental data and lines represent fit to the data.

Roughness of metal oxide NP films with optimal thickness values for HCL performance (0.025M for MoO3 NP, 0.00625M for WO3, NiOx, and CoOx NP) was characterized using atomic force microscopy (Asylum MFP-3D). The root mean square roughness values over a 1 μm x 1 μm area are 1.5 nm, 0.8 nm, 1.1 nm, and 0.9 nm for MoO3, WO3, NiOx, and CoOx NP films, slightly higher than the ITO substrate at 0.8 nm. This suggests that there are no large aggregates of metal oxide NPs on ITO. 
OPV Performance

We examined the performance of metal oxide NP films as HCLs using conventional P3HT:PC61BM OPVs (Figure S6a, inset).[2] For metal oxide NP HCLs, metal oxide NP suspensions (0.025M for MoO3, 0.00625M for others) were spin coated four times at 8000 rpm. Devices with MoO3 NP HCL (Figure S6a, red squares) exhibit performance identical to reference devices with PEDOT:PSS HCL (Figure S6a, black circles) under AM1.5 100mW/cm2 illumination, with a power conversion efficiency PCE of 3.4% (Table S1). The same PCE was achieved using WO3 NP (Figure S6a, orange triangles) and NiOx NP (Figure S6a, green inverted triangles) HCLs with a thinner thickness by diluting the NP suspensions to ¼ of the concentration before spin coating. Devices with thin CoOx NP HCL (Figure S6a, blue diamonds) exhibit lower Voc, FF, and PCE compared to the reference devices (Table S1). A comparison of J-V curves for conventional P3HT:PC61BM devices with different HCL thicknesses shows a qualitative difference between devices with MoO3 NP (Figure S6b) and NiOx NP (Figure S6c). For MoO3 NP, a 4x increase in the concentration of the NP suspension for spin coating (Figure S6b, blue) has little effect on the J-V curve, and the device performance is unchanged. In contrast, for NiOx NP, a 4x increase in concentration generated a S-shaped J-V curve (Figure S6c, blue), indicating unbalanced collection of electrons and holes.
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Figure S6. J-V response under AM 1.5 100 mW/cm2 through a 2.5mm diameter aperture for conventional P3HT:PC61BM OPVs with different HCLs. (a) Devices with PEDOT:PSS (black circles), MoO3 NP (red squares), WO3 NP (orange triangles), NiOx NP (green inverted triangles), and CoOx NP (blue diamonds). (b) Devices with MoO3 NP spin coated from 0.025M (black), 0.05M (red), and 0.1M (blue) suspensions, showing minimal effect of HCL thickness on performance. (c) Devices with NiOx NP devices spin coated from 0.0125M (black), 0.025M (red), and 0.05M (blue) suspensions, showing development of a S-shaped curve with increasing HCL thickness.
Table S1. Performance of conventional P3HT:PC61BM OPVs with different HCLs under AM1.5 100 mW/cm2 illumination through a 2.5 mm diameter aperture.

	HCL
	Voc
[V]
	Jsc
[mA/cm2]
	FF
	PCE

[%]

	PEDOT:PSS
	0.537 ± 0.005
	9.48. ± 0.13
	0.655 ± 0.012
	3.33 ± 0.05

	MoO3 NP
	0.550 ± 0.000
	9.78 ± 0.13
	0.626 ± 0.008
	3.37 ± 0.07

	WO3 NP
	0.560 ± 0.000
	9.87 ± 0.15
	0.624 ± 0.018
	3.45 ± 0.08

	NiOx NP
	0.540 ± 0.000
	9.61 ± 0.15
	0.617 ± 0.010
	3.20 ± 0.04

	CoOx NP
	0.506 ± 0.005
	9.51 ± 0.16
	0.534 ± 0.005
	2.58 ± 0.03
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