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Abstract. Artificial photosystems are advanced by the development of conformal catalytic 22 

materials that promote desired chemical transformations, while also maintaining stability and 23 

minimizing parasitic light absorption for integration on surfaces of semiconductor light 24 

absorbers. Here, we demonstrate that multi-functional, nanoscale catalysts that enable high 25 

performance photoelectrochemical (PEC) energy conversion can be engineered by plasma-26 

enhanced atomic layer deposition (PE-ALD). The collective properties of tailored 27 

Co3O4/Co(OH)2 thin films simultaneously provide high activity for water splitting, permit 28 

efficient interfacial charge transport from semiconductor substrates, and enhance durability of 29 

chemically sensitive interfaces. These films comprise compact and continuous nanocrystalline 30 

Co3O4 spinel that is impervious to phase transformation and impermeable to ions, thereby 31 

providing effective protection of the underlying substrate. Moreover, a secondary phase of 32 

structurally disordered and chemically labile Co(OH)2 is introduced to ensure a high 33 

concentration of catalytically active sites. Application of this coating to photovoltaic p+n-Si 34 

junctions yields best-reported performance characteristics for crystalline Si photoanodes.  35 
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The capture of solar energy and its conversion to storable chemical fuel by photoelectrochemical 1 

(PEC) systems provides a promising route to overcoming the current global reliance on fossil 2 

fuels.1,2  In such artificial photosynthetic systems, the oxidation of water or hydroxyl ions is a 3 

requirement for providing a sufficiently abundant source of protons and electrons for sustainably 4 

driving the fuel formation reaction. However, the oxygen evolution reaction (OER) presents 5 

significant challenges in catalysis and a kinetic bottleneck for solar fuels generation. Among 6 

OER catalysts, Co oxides (CoOx) have been shown to possess desirable activity over a broad 7 

range of pH values.3 Recent breakthroughs have provided insight into the nature of catalytically 8 

active sites at the atomic scale,4-8 as well as the role of dynamic structural transformations from 9 

the resting to the active states.9-11 Within this context, there has been considerable interest in the 10 

development of disordered or amorphous materials that exhibit enhanced catalytic activity 11 

relative to their crystalline counterparts.12,13 However, associated mechanisms of enhanced 12 

activity are only beginning to emerge. For instance, it has been shown that cobalt phosphate 13 

undergoes progressive amorphization, which results in a transition from predominantly surface-14 

confined catalysis on crystalline surfaces to volume-active catalysis in amorphous material.10 15 

Likewise, Bergmann and co-workers recently demonstrated that transformation to the active 16 

phase is accompanied by reversible amorphization of a sub-nm thick near-surface region of 17 

Co3O4 to CoOx(OH)y.
11 The proposed mechanisms present an intriguing picture of catalysis in 18 

dynamic materials, whereby increasing concentrations of catalytically active sites within the bulk 19 

can contribute to higher overall activity per geometric area. While mechanistic insights are 20 

important, achieving atomic level control of structure-function relationships is essential for 21 

creating high performance catalysts. 22 

Despite the emerging benefits of disordered or amorphous systems for OER catalysis, interfacing 23 

these materials with semiconductor light absorbers remains an outstanding challenge.  For 24 

example, disordered catalyst films tend to be hydrated and are subject to drying stress-induced 25 

cracking and delamination.14,15 Such transformations introduce physical and chemical 26 

instabilities, particularly when the catalyst film is interfaced to a chemically sensitive 27 

semiconductor. In such cases, it is also necessary to form conformal coatings, while retaining 28 

optical transparency. Standard synthetic approaches for forming disordered catalysts, such as 29 

electrodeposition and other solution methods, are not well suited for achieving this combination 30 

of material properties. Here, we seek to translate catalyst design principles from solution-based 31 

synthesis approaches, in which chemically and structurally labile materials possess improved 32 

activity, to advanced vapor deposition methods capable of forming continuous and defined thin 33 

films compatible with semiconductor light absorbers.  Drawing inspiration from recent studies 34 

that highlight the importance of volume transformation for increasing concentrations of OER 35 
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active sites, we use plasma-enhanced atomic layer deposition (PE-ALD) to create biphasic films 1 

comprising chemically and structurally labile Co(OH)2 on top of compact nanocrystalline Co3O4 2 

spinel layers. The presence of these two phases is important for simultaneously increasing 3 

catalytic activity and providing a stable interface to the substrate. Precise control of film 4 

thickness and conformality, afforded by PE-ALD, is crucial for creating closed films at the 5 

nanoscale, while also minimizing losses due to parasitic light absorption and eliminating 6 

traditional limitations associated with hydrated catalysts. Integration of biphasic Co3O4/Co(OH)2 7 

coatings with photovoltaic p+n-Si junctions yields, to the best of our knowledge, the highest 8 

photoelectrochemical activity for OER reported to date on crystalline Si. We note that sub-9 

monolayer mixed Co3O4/Co(OH)2 films have been previously applied to Fe2O3, resulting in 10 

considerable catalytic activity improvements.16 While such a coating is suitable for chemically 11 

robust light absorbers, such as hematite, it is not compatible with current high efficiency 12 

photoanode materials, which rapidly degrade under operational conditions. In the present work, 13 

biphasic CoOx films with defined nanocrystalline interfaces and disordered surface layers were 14 

created by PE-ALD using exposure cycles of CoCp2 and oxygen plasma at target temperatures 15 

ranging from 40 °C to 300 °C (see Methods section).17,18 Deposition was initially performed onto 16 

the surfaces of p+-Si (0.001-0.005 Ω/cm) and electrocatalytic (EC) activity for OER was 17 

evaluated under 1 M NaOH.  18 

Electrochemical properties. As shown in Fig. 1a, electrocatalytic current density is 19 

significantly increased as the deposition temperature is decreased from 300 °C to 100 °C. The 20 

dependence of activity on deposition temperature can also be seen in Fig. 1b, which shows the 21 

current density at an applied electrochemical potential of 1.8 V vs. RHE, and Fig. 1c, which 22 

shows the overpotential (η) required to achieve current densities of 1 mA/cm2 and 10 mA/cm2. 23 

Maximum activity is observed at a deposition temperature of approximately 100 °C. However, 24 

further decrease of the deposition temperature to 40 °C leads to poor performance 25 

(Supplementary Fig. 1) due to incomplete precursor decomposition and incorporation of residual 26 

carbon into the thin film (Supplementary Fig. 2). To promote nucleation, deposition was 27 

intentionally performed onto the native silicon oxide,19 which should act as a tunneling barrier 28 

and play an important role in defining interfacial charge transfer resistance. Nevertheless, we 29 

find improved PEC performance for PE-ALD of CoOx onto the native oxide compared to HF 30 

etched surface (Supplementary Fig. 3). Furthermore, catalyst was also deposited onto tin-doped 31 

indium oxide (ITO), a transparent conducting oxide. As shown in Fig. 1d, we find that the 32 

catalytic activity of CoOx/ITO is also higher at lower deposition temperature, indicating that the 33 

observed differences with deposition temperature are intrinsic features of the catalysts.   34 
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Capacitance measurements indicate that the electrochemically active surface areas per geometric 1 

area do not vary as a function of deposition temperature (see Supplementary Fig. 4). Therefore, 2 

we can conclude that changes of surface roughness are not responsible for the observed 3 

differences in catalytic activity. As shown in Fig. 1e, atomic force microscopy (AFM) of the film 4 

deposited at 100 °C reveals that the layer is planar and continuous, with a root mean square (rms) 5 

roughness of 2.6 Å.  We note that solid/liquid contact area can have a considerable impact on 6 

apparent activity, with many of the highest activity catalysts characterized by large roughness 7 

values.20,21 Given the planar morphology of the PE-ALD catalyst studied here, the overpotentials 8 

compare favorably with benchmarked CoOx catalysts possessing much higher electrochemically 9 

active surface area.20,21  10 

Atomic structure. To identify the key properties that define catalytic function, we focus on 11 

comparison of films deposited at 100 °C and 300 °C. To this end, we employed advanced low-12 

dose aberration-corrected electron microscopy, which enables characterization down to the level 13 

of single atoms, while minimizing beam-sample interactions. Cross-sectional images of CoOx 14 

films deposited onto (100) p+-Si at 100 °C  and 300 °C reveal layer thicknesses of 3.2±0.2 nm 15 

and 4.8±0.2 nm, respectively (Fig. 2a). For both cases, lattice fringes in the layers originate from 16 

the nanocrystalline structure of the deposited material and their homogeneity across the films 17 

indicates that grain diameters are comparable to the layer thicknesses.  18 

To image individual grains, plan-view samples were prepared by PE-ALD onto Si3N4 19 

membranes.  Figure 2b&c show low dose rate (<300 e-/Å2s) images of pristine layers grown at 20 

100 °C and 300 °C, respectively. Nanocrystalline grains are observed that form contiunous layers 21 

and exhibit irregular shapes. The absence of moiré patterns suggests that a monolayer of 22 

nanocrystals is imaged. Supplementary Figure 5 shows phase images at a higher magnification 23 

and reveals that the films consist of nanocrystals with partly coherent interfaces and grain sizes 24 

of 3.4±0.2 nm and 5.2±0.3 nm, respectively. Corresponding nano-diffraction patterns are 25 

assigned to electron scattering from Co3O4 spinel,22 in agreement with extended X-ray 26 

absorption fine structure (EXAFS) measurements (Supplementary Fig. 6). Figure 2d(inset) 27 

shows an analysis of the film texture of the sample grown at 100 °C, which is also characteristic 28 

for films grown at 300 °C (Supplementary Fig. 7) and reveals no statistically significant 29 

differences to account for the observed incease of catalytic activity at reduced deposition 30 

temperature.  31 

A striking difference observed between Fig. 2b,c is the existence of bright contrast features in the 32 

grain boundaries of the sample deposited at 300 °C. Corresponding features are not observed 33 

from the sample deposited at 100 °C, where we find that grains coalesce to form a dense film of 34 
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nanocrystalline Co3O4. These features exhibit the characteristic random pattern of an amorphous 1 

material next to crystal facets of the adjacent grains (Fig. 2d). The bright contrast suggests a 2 

lower mass density in these regions, which favours an assignment as pinhole defects associated 3 

with facet formation when the average grain size exceeds ~5 nm. These results suggest that 4 

formation of closed nanocrystalline layers is enabled by smaller and less strongly faceted grains 5 

grown at reduced temperature. At elevated deposition temperature, increased surface diffusion 6 

and more pronounced faceting may lead to formation of nanoscopic voids at grain boundaries. 7 

While imaging of pristine grains was accomplished by limiting total doses to <300 e-/Å2, 8 

additional insight into the sensitivity of films to nanoscale void formation is achieved by 9 

exploiting beam-sample interactions to intentionally drive in situ atom diffusion and grain 10 

growth.  As shown in Supplementary Fig. 8, along with the associated video, significant electron 11 

beam-induced grain coarsening of material deposited at 100 °C can be achieved by recording 12 

image series. Despite considerable atomic motion during such measurements, individual images 13 

give the appearance of a static grain structure,23 allowing identification of the locations of all 14 

Co3+, Co2+ and O2- columns (Fig. 2e). Analysis of grain sizes in image series (Supplementary 15 

Fig. 8) reveals surface difusion-induced grain coarsening. Importantly, polycrystalline thin films 16 

remain void-free and compact in the presence of in situ beam-stimulated atom diffusion, grain 17 

coarsening, and grain reorientation when their average grain size is smaller than 4.5 nm. Films 18 

deposited at 300 °C exhibit a grain size of 5.2±0.3 nm and a tendency to create voids between 19 

facets of adjacent crystal grains.  20 

Chemical properties. Angle-resolved X-ray photoelectron spectroscopy (XPS) reveals 21 

significant differences in the chemical composition of the surface as a function of deposition 22 

temperature (Fig. 3). All spectra are well described using reported parameters for Co3O4 and 23 

Co(OH)2.
24 The sample deposited at 300 °C is dominantly composed of Co3O4, which comprises 24 

tetrahedral Co2+ and octahedral Co3+. A small contribution from Co(OH)2 is also observed and is 25 

likely due to a hydroxylated terminal surface. In contrast, the sample deposited at 100 °C is 26 

characterized by significant spectral contributions from both Co3O4 and Co(OH)2. The 27 

components from Co(OH)2 increase with increasing take-off angle, indicating that Co(OH)2 is 28 

mainly present at the surface. This finding is consistent with X-ray absorption near edge 29 

structure (XANES) measurements, which homogeneously sample the films and reveal nearly 30 

identical overall composition of Co3O4 for material deposited at 100 °C and at 300 °C 31 

(Supplementary Fig. 9). While the Co(OH)2 phase was not directly observed by TEM, this is not 32 

surprising considering that these hydroxide compounds often lack long-range crystalline order 33 

and have been described as oligomeric layered structures.25 Together, the combination of results 34 
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from TEM, XPS, and XANES allows us to conclude that the bulk of both films is composed of 1 

Co3O4, whereas there is a surface layer of Co(OH)2 atop the sample deposited at 100 °C. Such a 2 

difference in surface composition can have a dramatic effect on catalytic mechanisms, as 3 

discussed below.  4 

Chemical transformation of Co3O4 surfaces to catalytically active CoO(OH) or CoOx(OH)y 5 

phases has been observed by in situ Raman spectroscopy and synchrotron X-ray spectroscopy, 6 

respectively.11,26 However, electrochemical and gravimetric characterization of Co3O4 spinel has 7 

demonstrated bulk phase stability under OER conditions. Transformations to CoO(OH) are 8 

restricted to the surface,27 which has important implications for the present work. In particular, 9 

the phase stability of closed nanocrystalline films of Co3O4 is desirable for ensuring a durable 10 

interface with the substrate. However, phase stability also implies an upper bound for the 11 

concentration of active sites for planar, compact thin films of Co3O4 such as those formed at 12 

300 °C. This limitation can be overcome by creation of biphasic Co3O4/Co(OH)2 films at 100 °C. 13 

Unlike Co3O4, Co(OH)2 possesses an open, layered structure that allows intercalation of water 14 

and ions from solution, as well as changes in Co oxidation state with minimal structural 15 

reorientation.6,27,28 As such, Co(OH)2 supports catalytic activity not just at its surface but also 16 

within its bulk volume. Therefore, the observation of Co(OH)2 on material deposited at low 17 

temperature suggests that the catalytic activity is enhanced by the presence of a higher 18 

concentration of active sites.  19 

It is known that active sites of solid state Co-based OER catalysis proceed through redox 20 

transitions of Co3+→Co4+, with highest activity sites provided by the generation of two adjacent 21 

and electronically coupled Co4+ centers.5,9,29 As shown in Fig. 4a, steady state polarization Tafel 22 

curves yield values of ~50 mV/dec and 70 mV/dec for films deposited at 100 °C and 300 °C on 23 

p+-Si, respectively.  These values are in the range of those previously reported for CoOx under 24 

alkaline conditions,12,25,27 and are consistent with fast electrochemical pre-equilibrium between 25 

Co3+–OH and Co4+–O , followed by the rate-limiting O–O bond formation step.30-32 The lower 26 

Tafel slope from the 100 °C sample supports the hypothesis that the biphasic Co3O4/Co(OH)2 27 

promotes formation of active Co4+ sites. The deviations from linearity at higher current densities 28 

suggest a resistance to charge transport that is higher in the thicker film deposited at 300 °C.12,32 29 

Cyclic voltammetry (CV) in the pre-OER potential range reveals that surface redox behaviour of 30 

Co2+ and Co3+ is correlated with catalytic activity.6,12,25,27  As shown in Fig. 4b, for the case of 31 

material deposited at 100 °C, we observe two well-defined anodic peaks. These are denoted A1 32 

and A2 and can be assigned to Co2+→Co3+ and Co3+→Co4+ oxidation reactions, respectively.12,28  33 

The similar areas of A1 and A2 is consistent with electrochemical transformation of Co2+ in the 34 
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as-deposited Co(OH)2 phase to Co3+ in the form of CoO(OH), followed by activation of Co4+.33 1 

Fig. 4c shows a comparison of the first and second CV sweeps. Following the first cycle, there is 2 

a considerable reduction in the magnitude of A1, whereas the magnitude of A2 remains 3 

approximately constant. This is indicative of the known electrochemical behaviour of Co(OH)2, 4 

in which the Co2+→Co3+ reaction, which does not participate directly in the catalytic cycle but is 5 

associated with phase transformation to CoO(OH),30,31 is largely irreversible.34 6 

Much weaker redox activity is observed in the pre-catalytic range for material deposited at 7 

300 °C, which is consistent with surface site-confined catalysis on structurally robust Co3O4. In 8 

contrast, the larger areas of A1 and A2 on the 100 °C deposited material indicate that the biphasic 9 

Co3O4/Co(OH)2 films contain higher concentrations of active sites. Thus, the biphasic coating 10 

creates a desirable balance of properties that are well suited for integration with chemically 11 

sensitive substrates; the phase stability of Co3O4 enables a durable substrate/catalyst interface, 12 

while facile chemical transformation of Co(OH)2 promotes high catalytic activity. 13 

Integrated photoanodes. We deposit the highly active Co3O4/Co(OH)2 catalyst made by PE-14 

ALD at 100 °C onto a p+n-Si substrate to determine if electrocatalytic performance 15 

enhancements can be translated to PEC systems. As shown in Fig. 6a, these integrated 16 

photoanodes are characterized by a photocurrent density of 30.8 mA/cm2 at 1.23 V vs. RHE and 17 

a saturation photocurrent density of ~37.5 mA/cm2 under 1 Sun AM 1.5 simulated solar 18 

irradiation. This large saturation current is attributed to low parasitic light absorption losses 19 

enabled by the closed biphasic catalyst coating with a near optimal thickness for maximizing 20 

optocatalytic efficiency.35  Comparison of the EC characteristics of CoOx on p+-Si to the PEC 21 

characteristics of analogous films deposited on p+n-Si yields a photovoltage of 600 mV. 22 

Photovoltages generated from CoOx films deposited at 100 °C and 300 °C are nearly identical.17 23 

Therefore, we conclude that the cathodic shift of onset potential obtained with the biphasic 24 

Co3O4/Co(OH)2 catalyst is a consequence of improved catalytic activity. To the best of our 25 

knowledge, these J-E performance characteristics are the best reported to date for catalyst-coated 26 

crystalline Si photoanodes.17,36-44 Importantly, catalysts that undergo chemical transformation 27 

from resting to active state are often characterized by high ion permeability and are susceptible 28 

to drying-induced cracking and delamination.14,15 As shown in Supplementary Fig. 10, no change 29 

of performance is observed upon repeated cycling between PEC operation and drying. 30 

Chronoamperometric tests revealed the films to be functionally stable under illuminated 31 

operation for at least 72 h (Fig. 5b), with no evidence of Co loss to solution, as measured by 32 

inductively-coupled plasma mass spectroscopy (Supplementary Fig. 11). The multi-functional 33 

properties of our biphasic coating, in which the interfacial Co3O4 is chemically stable and a thin 34 
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and intimately contacted surface hydroxide provides high catalytic activity, represents an 1 

important advance for forming assemblies incorporating semiconductor light absorbers. 2 

In summary, we have fabricated conformal, biphasic CoOx catalysts that are engineered to 3 

provide high activity and compatibility with semiconductor photoelectrodes. The resulting films 4 

consist of conformal layers of spinel Co3O4 nanocrystals that coalesce to form partly coherent 5 

grain boundaries. The resistance of these Co3O4 spinel crystals to chemical transformation 6 

provides durable interfaces. At reduced deposition temperature, disordered surface layers of 7 

Co(OH)2 are introduced that significantly improve electrocatalytic OER activity. This surface 8 

layer promotes chemical and structural transformation, thereby providing high concentrations of 9 

catalytically active sites. In contrast to traditional layered hydroxides, which are susceptible to 10 

drying-induced cracking and delamination, these biphasic films are simultaneously robust and 11 

active. Improved electrocatalytic activity translates to higher photoelectrochemical activity, as 12 

demonstrated by integration of the biphasic material onto the surface of p+n-Si photoelectrodes, 13 

which represent the best reported for crystalline Si to date. These results demonstrate that PE-14 

ALD is a powerful method for synthesizing multi-functional catalysts that support desired 15 

chemical transformations, permit efficient interfacial charge transport, and minimize parasitic 16 

light absorption due to their conformal nature even at very low thicknesses. Thus, partial 17 

decoupling of ALD surface reaction kinetics from thermal activation, enabled by plasma 18 

enhancement, provides opportunity to tailor novel materials and interfaces for achieving desired 19 

functionality. 20 

Methods 21 

Deposition of CoOx by atomic layer deposition (ALD)  22 

Plasma-enhanced ALD (PE-ALD) allows partial decoupling of surface oxidation kinetics from substrate 23 

temperature by introducing a source of highly reactive oxygen radicals to the system.19,45 Therefore, 24 

substrate temperature can be used to affect thin film properties with reduced influence on ALD surface 25 

reaction kinetics. This is a powerful feature of PE-ALD and offers significant, yet underexplored, 26 

potential for tailoring of catalytic materials. Here, CoOx catalyst films were deposited using a remote PE-27 

ALD (Oxford FLexAl) process at substrate temperature ranging from 100 °C to 300 °C.17,18 Cobalt 28 

precursor was CoCp2 (98% Strem Chemicals) and oxygen plasma was the oxidant. The precursor lines, 29 

carrier gas lines, and the reactor walls were kept at 120 °C. The CoCp2 precursor bubbler was heated up 30 

to 80 °C and bubbled with 200 sccm of high purity Ar gas during the precursor exposure half cycles. 31 

Oxygen gas flow was held constant at 60 sccm throughout the deposition process. The cobalt precursor 32 

exposure half cycle consisted of 5 s CoCp2 dosing and 5 s purging. The remote oxygen plasma half cycle 33 

consisted of 1 s pre-plasma treatment, 5 s plasma exposure, and 15 s purging. The applied plasma power 34 
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was 300 W and was applied for 5 s during the oxygen plasma half cycle.  The deposition chamber was 1 

maintained at 15 mTorr at all times. Unless otherwise noted, 100 PE-ALD cycles were used for film 2 

formation. This was selected based on evaluation of the electrochemical potential required to reach a 3 

photocurrent density of 10 mA/cm2 from p+n-Si/CoOx electrodes as a function of the number of 4 

deposition cycles (Supplementary Fig. 12), but future opportunity exists for optimization.  5 

For characterization of CoOx films as electrocatalysts, deposition was performed onto highly doped p-Si 6 

(p+-Si, B-doped, 0.001-0.005 Ω cm-1) and indium-doped tin oxide (ITO, 8-12 Ω cm-1) following ultrasonic 7 

solvent cleaning, followed by drying under flowing nitrogen. As described in the main text and shown in 8 

Supplementary Fig. 3, we find that the electrocatalytic activities of samples made from CoOx deposited 9 

onto the native oxide of Si exhibit superior performance relative to HF-treated Si. Therefore, unless 10 

otherwise noted, all CoOx/Si samples were deposited after cleaning but without etching the substrate in 11 

HF.  12 

Formation of p+n-Si junctions by ion implantation 13 

Starting substrates were single side polished Czochralski-grown n-type (P-doped) prime grade (100) Si 14 

wafers with resistivity of 3.0 - 10 Ω cm. Ion implantation was employed for junction formation. Room 15 

temperature implantation was performed at a 7° incident angle using 11B accelerated to 45 keV with a 16 

dose of 1×1014 cm-2 and 32 keV with a dose of 5×1014 cm-2.  In order to reduce contact resistance, the 17 

backsides of the wafers were implanted with 31P at 140 keV with a dose of 1×1014 cm-2 and 75 keV with a 18 

dose of 5×1014 cm-2. Dopant activation, both for the junction p+ emitter layer and the n+ back contact 19 

layer, was achieved via rapid thermal annealing at 1000 °C for 15 s under flowing nitrogen.     20 

Photoelectrochemical testing  21 

For both electrochemical and photoelectrochemical (PEC) characterization, cyclic voltammetry (CV) was 22 

performed using a Biologic potentiostat and a three electrode cell using a platinum wire as counter 23 

electrode, a Hg/HgO (1 M NaOH) as  reference electrode, and the CoOx-coated sample as the working 24 

electrode. Unless otherwise noted, CV data were collected at a scan rate of 100 mV/s. The Si working 25 

electrodes were fabricated by scratching an indium-gallium eutectic (Aldrich) into the backside of the 26 

wafer and affixing a copper wire using conductive silver epoxy (Circuit Works). Direct electrical contact 27 

to ITO working electrodes was achieved using conductive silver epoxy (Circuit Works). The copper wire 28 

was passed through a glass tube and the wafer was insulated and attached to the glass tube with Loctite 29 

615 Hysol Epoxi-patch or 7460 adhesive. Electrodes were dried overnight before testing. The supporting 30 

electrolyte was aqueous 1 M NaOH prepared using MilliQ water (18.2 MΩ·cm). All measurements were 31 

performed using an air saturated solution. PEC CV tests were performed at 100 mW/cm2 using a Solar 32 

Light 16S-300-005 solar simulator equipped with an AM1.5 filter set and the sample was illuminated 33 
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through a quartz window of the cell. Steady state polarization Tafel analysis was performed after 1 

correcting IR drop correction.  2 

In order to determine if the surface roughness, and thus solid/liquid interfacial contact area, varies as a 3 

function of deposition temperature, the double-layer capacitance was measured by collecting CVs as a 4 

function of scan rate.  The relative electrochemically active surface areas were calculated from the linear 5 

slope of the scan rate dependent current density at the center point potential of the sweep. To eliminate 6 

pseudocapacitance contributions, measurements were performed in an acetonitrile solution with 0.1 M 7 

tetrabutylammoniumhexafluorophosphate as the electrolyte instead of the aqueous NaOH solution used 8 

for the electrochemical activity measurements.  9 

Chonoamperometric stability tests were performed under simulated AM1.5G radiation at 1 Sun using an 10 

Oriel Sol3A. Samples were mounted into acrylic cells using compression-fit gaskets and electrolyte flow 11 

was established using a peristaltic pump to prevent bubble accumulation on photoelectrode surfaces.  12 

Measurements were performed at an applied electrochemical potential of 1.8 V vs. RHE in 1 M NaOH. 13 

Aliquots of electrolyte were removed every ~24 h for ICP-MS analysis (see below). 14 

Inductively coupled plasma mass spectrometry (ICP-MS) 15 

ICP-MS was performed using an Agilent 7900 system run using He mode.  The internal standard was Ge, 16 

selected based on its 1st ionization potential and M/Z as compared to Co.  The standard curve was 17 

prepared from a stock solution of 10 ppm (Part #: 8500-6940, Agilent Technologies) at concentrations of 18 

0.01, 0.1, 1, 10, and 100 ppb diluted in 1% HNO3 prepared from 70% HNO3 (>99.999% trace metals 19 

basis, 225711, Aldrich) and Milli-Q water.  Linear fitting of the calibration curve resulted in an R2=1.000.  20 

Sample solutions, collected at various times during the stability tests, were run as-is.   21 

Atomic Force Microscopy (AFM) 22 

AFM measurements were performed using a Bruker Dimension Icon system operated in Scanasyst mode 23 

with Si tips (Bruker, Scanasyst – Air). 24 

X-ray photoelectron spectroscopy (XPS)  25 

XPS was performed using a monochromatized Al Kα source (hν = 1486.6 eV), operated at 150 W, on a 26 

Kratos Axis Ultra DLD system at takeoff angles of 0° and 55° relative to the surface normal, and pass 27 

energy for narrow scan spectra of 20 eV, corresponding to an instrument resolution of approximately 600 28 

meV. Spectral fitting was done using Casa XPS analysis software. Spectral positions were corrected using 29 

adventitious carbon by shifting the C 1s core level position to 284.8 eV and curves were fit with quasi-30 

Voigt lines following Shirley background subtraction. We note that the spectral components from cobalt 31 

oxides overlap, making it difficult to distinguish between different oxides, though differentiation of Co2+ 32 
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from Co3+ is possible since the unpaired electrons from Co2+ result in a distinct satellite structure at higher 1 

binding energies. In the present work, we constrained fitting to three parameters by using differential peak 2 

positions, relative amplitudes, and approximate widths reported by Biesinger et al.
24  3 

X-ray absorption spectroscopy (XAS) 4 

X-ray absorption spectra (XAS) were collected on beamline 7-3 at the Stanford Synchrotron Radiation 5 

Lightsource (SSRL) with an average current of 500 mA and an electron energy of 3.0 GeV. The radiation 6 

was monochromatized with a Si (220) double-crystal monochromator which was detuned to 50% of flux 7 

maximum at Co K-edge. A N2-filled ion chamber (I0) was used to monitor the intensity of the incident X-8 

rays in front of the sample.  XAS data were recorded as fluorescence excitation spectra using a 30-9 

element Ge solid-state detector (Canberra). The monochromator energy calibration was done with the first 10 

peak maximum of the first derivative of Co foil spectrum (7709.5 eV). Powder reference samples were 11 

diluted with boron nitride (~1% w/w) and then packed into 0.5 mm thick aluminum sample holders using 12 

kapton film windows on both sides. Data reduction of the XAS spectra was performed using SamView 13 

(SixPack software, Dr. Samuel M. Webb, SSRL). Athena software (IFEFFIT package)46 was used to 14 

subtract the pre-edge and post-edge contributions, and the results were normalized with respect to the 15 

edge jump. A five-domain cubic spline was used for the background removal in k-space. The extracted k-16 

space data, k3χ(k), was then Fourier transformed into real space (r-space) using a k-space window of 3.0-17 

11.30 Å-1. 18 

Transmission Electron Microscopy (TEM) 19 

High resolution electron microscopy is known to be challenging since the probing electron beam can alter 20 

the genuine structure before atomic resolution is reached. Minimization of beam-sample interactions is 21 

particularly important for understanding the structures of low-temperature and potentially disordered thin 22 

films, such as those investigated here. Recently, remarkable progress has been made in overcoming these 23 

limitations by applying low dose rate in-line electron holography.47,48 In this work, electron microscopy 24 

was performed at the Molecular Foundry using microscopes operated at 300 kV. Images in Fig. 2a were 25 

recorded with the One Angstrom Microscope.49 All other experiments were performed with TEAM 0.5.50 26 

The instrument allows control of beam-sample interactions by producing in-line holograms from image 27 

series with variable dose-rates and by solving the phase problem.48 The method builds on best practices 28 

that were developed for the imaging of biological objects but uses large image series to obtain the needed 29 

contrast in atomic resolution images. A resolution well below 1 Å is shown in Supplementary Fig. 5 that 30 

allows for a reliable identification of crystal structures from real space images by indexing diffraction 31 

spots using established crystal structures.22  All reconstructions of exit wave functions and other 32 

calculations were done with the McTempas software package (Kilaas).  33 
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In the low magnification mode, we recorded single images at a large underfocus, f, (Fig. 2b,c) where 1 

Fresnel fringes become prominent and differentiate the individual grains. As a result, specific spatial 2 

frequencies occur in the low spatial frequency spectrum of the Fourier Transform that characterize the 3 

average grain size, as shown in the insets of Fig. 2b,c. In high resolution images, individual grains are 4 

visible that we approximate by squares of area A2. An average grain size, A, can be estimated by counting 5 

the number of grains, N, in a known field of view B = N×A
2. Figure S8a summarizes these measurements 6 

for a recording of the same object with increasing dose rates, which allows the study of electron beam-7 

induced grain growth and restructuring, as shown in Supplementary Fig. 8b,c, as well as the 8 

Supplementary Video.  9 

Grain orientations were measured by taking a local Fourier Transform of individual grains from the 10 

reconstructed in-line holograms (i.e. complex electron exit wave functions), which are local nano-11 

diffraction patterns (Fig. 2d) that cannot be obtained by direct diffraction work in broad beam mode. 12 

Texture analysis is limited by statistics since individual zone axis orientations can only be determined for 13 

grains that exhibit two independent sets of diffraction spots. Nevertheless, roughly 30% of the grains 14 

exhibit independent sets of diffraction spots that can be indexed to calculate zone axes orientations (Fig. 15 

2d inset and Supplementary Fig. 7). The measured grain orientations cover most regions of the 16 

stereographic triangle of the cubic fcc single-crystal.  17 

A standard cross-section sample preparation was performed using an Ar ion mill to thin samples 18 

consisting of CoOx deposited on the native oxide of crystalline (100) Si substrates (Fig. 2a). For plane 19 

view observations, however, we deposited CoOx directly onto an electron transparent silicon nitride 20 

membrane so that no additional sample preparation was necessary. Therefore, we can exclude any 21 

preparation-induced sample alteration that can occur during an exposure of small nanocrystals to the 22 

energetic beam of argon ions that is typically used for sample thinning. Depositions at both 100 °C and 23 

300 °C yield continuous thin films that are composed of a monolayer of nanocrystalline material, which is 24 

determined by the absence of any Moire fringes.  25 

Movie: The movie depicting crystal growth by surface diffusion and grain re-orientation was generated 26 

from the focus series marked by a circle in Figure 3. It consists of 60 images that were split into 6 series 27 

with 10 images, each, to reconstruct 6 wave functions.  The phase of these six reconstructed electron exit 28 

wave function is shown as six images of a movie that lasts 0.5 seconds. Thus, a recording time of ~100 29 

seconds is compressed into 0.5 seconds and the physical processes are shown accelerated by a factor of ~ 30 

200× in time. The resolution in each image is maintained around 0.6Å, which enables a full separation of 31 

all Co and O atom columns in the [100] and [110] oriented grains that are imaged along their zone axes.  32 
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 1 

Figures 2 

 3 

Figure 1 | Electrocatalytic properties of CoOx films as a function of deposition temperature. a, Electrochemical 4 

current density versus applied electrochemical potential (J-E) curves as a function of growth temperature for 5 

plasma-enhanced atomic layer deposited CoOx thin films deposited on p+-Si wafers. b, Electrochemical current 6 

density from the same films at a fixed potential of 1.8 V vs. RHE as a function of substrate temperature during 7 

deposition. c, Overpotential, η, required to achieve 10 mA/cm2 (solid squares) and 1 mA/cm2 (solid circles) as a 8 

function of deposition temperature.  d, J-E curves from CoOx deposited onto tin-doped indium oxide (ITO) confirm 9 

that enhanced catalytic performance at reduced deposition temperature is an intrinsic feature of the films.  e, Atomic 10 

force micrograph of a PE-ALD CoOx film grown at 100 °C on a (100) p+-Si substrate, revealing an rms surface 11 

roughness of 2.6±0.2 Å. The corresponding measurement on material deposited at 300 °C yields an rms surface 12 

roughness of 2.8±0.8 Å. These findings, together with electrochemical capacitance measurements, indicate that 13 

observed differences of catalytic performance from these highly planar films are not due to surface roughness.  14 

 15 

 16 
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 1 

Figure 2 | Structural characterization of catalysts by transmission electron microscopy. a, Cross section 2 

micrographs of CoOx layers deposited at 100 °C (top) and 300 °C (bottom) on (100) Si, revealing thicknesses of 3 

3.2±0.2 nm and 4.8±0.3 nm, respectively. A thin native silicon oxide layer is observed at the interface.  b,c Low 4 

dose, plan view micrographs of films grown on amorphous Si3N4 membranes at: b, 100 °C  and c, 300 °C. Dose 5 

rates are listed and single images were recorded with 1 s exposure. A large underfocus (a, f = -300 nm; b, f = -1000 6 

nm) forces the appearance of Fresnel fringes that encircle individual grains and are evaluated in Fourier space 7 

(insets) to measure an average grain size of 3.3 nm in a and 5.3 nm in b. The different gray values of the grains are 8 

caused by electron scattering in crystalline material along variable zone axes orientations. Bright spots in b are 9 

dominantly located in boundaries between individual grains and suggest the presence of voids. d, Analysis of grain 10 

orientations for the 100 °C deposited sample is performed using the plan view phase image of the electron exit wave 11 

function, reconstructed from 50 images. The grains form partly coherent interfaces, with an average particle size of 12 

3.4±0.2 nm. Approximately 30% of all grains exhibit two independent sets of reflection vectors that allow 13 

calculation of their zone axes, locally, as shown for a [211] grain and its nano-diffraction pattern (left inset). The 14 

corresponding stereographic triangle (right inset) of the cubic single-crystal highlights that a range of orientations 15 

were detected. e, Samples deposited at 300 °C are characterized by voids, as shown in the reconstructed phase 16 
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image, at high magnification (region bounded by dashed lines). The void shown here is bounded by crystal facets 1 

from adjacent [001], [211], and [111] oriented grains. f, The phase of the electron exit wave functions is 2 

reconstructed from a focus series of 50 images recorded on 100 °C deposited material using a high dose rate and 3 

accumulated electron dose of 9×105 e-/Å2. A [011] oriented grain is shown, together with the projected crystal 4 

structure of Co3O4 spinel. Columns of Co3+, Co2+, and O2-, can be readily distinguished.  Grain boundaries are 5 

irregular and partly coherent (arrows) but void formation at interfaces is not observed, despite considerable beam-6 

induced diffusion and coarsening. A movie depicting dynamic processes arising from beam-sample interactions is 7 

provided in the Supplemental Materials.  8 
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 1 

Figure 3 | Compositions and chemical states of tailored CoOx catalyst layers. Angle-resolved Co 2p X-ray 2 

photoelectron spectra acquired at 0° and 55° relative to the surface normal for CoOx films deposited on p+-Si at: a, 3 

300 °C and b, 100 °C. Constrained fitting of spectra reveals the presence of two phases, Co3O4 and Co(OH)2, with 4 

their spectral contributions given by orange and blue, respectively. The relative intensity of the Co(OH)2 component 5 

increases with increasing photoelectron takeoff angle, indicating that this material lies at the surface, as indicated in 6 

schematic illustrations of the films deposited at: c, 100 °C and d, 300 °C. Significant differences in phase 7 

composition are observed, with the biphasic character of material deposited at 100 °C allowing for considerably 8 

improved catalytic performance, as described in the text. 9 

 10 

 11 

 12 
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 1 

Figure 4 | Electrochemical characterization of chemical transformations of CoOx catalysts. a, Steady-state 2 

Tafel plots measured in 1 M NaOH for CoOx films deposited by PE-ALD on p+-Si at 100 °C and 300 °C. The data 3 

were corrected for the IR drop in solution and yield Tafel slopes of 50 mV/decade and 70 mV/decade, respectively.  4 

b, Cyclic voltammograms (CVs) collected in the pre-OER catalytic region at 100 mV/s for samples deposited at 100 5 

°C and 300 °C.  Two oxidation peaks, labeled A1 and A2, are assigned to Co2+→ Co3+ and Co3+→ Co4+reactions, 6 

respectively. The enhanced redox activity of the 100 °C material is due to the biphasic Co3O4/Co(OH)2 film. c, 7 

Comparison of first and second CV scans from material deposited at 100 °C. The transformation of Co(OH)2 to 8 

CoO(OH) is largely irreversible, leading to a reduction in the A1 peak after the first cycle. Activation of catalytically 9 

active Co4+ is unaffected by cycling, as exhibited by the approximately constant area of the A2 oxidation peak. 10 
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 1 

Figure 5 | Photoelectrochemical and stability characteristics of high performance CoOx/Si photoanodes. a, 2 

Current density versus applied electrochemical potential (J-E) curves for biphasic Co3O4/Co(OH)2 films deposited at 3 

100 °C onto p+-Si dark anodes and p+n-Si photoanodes. A photovoltage of ~600 mV is obtained from the difference 4 

between these curves. The photoelectrodes exhibit the highest performance characteristics reported for crystalline Si 5 

to date, with an onset potential for water oxidation of < 1 V vs. RHE and a saturation current density of ~37.5 6 

mA/cm2. b, Normalized photocurrent as a function of time (J-t) reveals stable performance of p+n-7 

Si/Co3O4/Co(OH)2 photoelectrodes for at least 72 h of continuous operation in 1 M NaOH under simulated 1 Sun 8 

illumination. By comparison, bare p+n-Si photoelectrodes degrade nearly immediately (inset). Elemental analysis of 9 

the electrolyte during stability testing indicates no detectable transfer of Co from the film into solution 10 

(Supplementary Fig. 11), even after 72 h of operation. 11 
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