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Energetic Effects of Hybrid Organic/Inorganic Interfacial 
Architecture on Nanoporous Black Silicon Photoelectrodes†
Ryan T. Pekarek1,2, Steven T. Christensen3, Jun Liu3, Nathan R. Neale1*

Photoelectrochemical cells have been the subject of great interest in the research community as a route for fuel formation 
directly from sunlight. Interfacial layers are frequently employed on the surface of light-absorbing semiconductor 
photoelectrodes to enhance the activity and stability of the semiconductor. Here we consider the energetic effects of such 
layers on a nanoporous ‘black’ silicon photocathode. We construct hybrid organic/inorganic films by growing an oxide-
nucleating molecular monolayer on the nanostructured Si surface and burying this molecular monolayer under TiO2 
deposited by atomic layer deposition. We examine the energetic effects of this hybrid interfacial architecture via our recently 
developed intensity-modulated high-frequency resistivity (IMHFR) impedance spectroscopy technique and quantify the 
change in thermodynamic flatband potential as the oxide thickness is increased from 0–15 nm. By comparing the IMHFR 
data with traditional voltammetry, we are able to deconvolute the thermodynamic and kinetic contributions that determine 
the observed proton reduction onset potential. We also study these photoelectrodes with Pt nanoparticles either (i) 
deposited on top of the molecular/TiO2 interfacial layer or (ii) etched into the Si surface. In the first architecture, a beneficial 
positive shift in the thermodynamic flatband potential is achieved from the Si|molecular|TiO2 p-n junction, but the lack of 
a direct Si|Pt contact results in large kinetic charge transfer losses. In contrast, the second architecture allows for facile 
charge transfer due to the direct Si|Pt contact but negates any benficial thermodynamic effect of the molecular/TiO2 bilayer. 
Despite the lack of thermodynamic effect of the hybrid molecular/TiO2 interfacial layer, we find that there is still a significant 
kinetic benefit from this layer. This work demonstrates the sensitive nature of the thermodynamics and kinetics on the 
interfacial architecture and yields critical insights into the design of photoelectrochemical interfaces. 

Introduction
Photoelectrochemically driven reactions are an attractive 

approach to capture and store solar energy.1 The quest for an 
efficient and robust solar fuel-forming device based on a direct 
semiconductor|electrolyte junction motivates the 
development of increasingly complex semiconductor surface 
architectures with correspondingly intricate interfacial 
energetics. Organic and inorganic modifications of 
semiconductor photoelectrodes have been explored 
extensively and each are known to profoundly affect 
photoelectrochemical performance. What is less frequently 
understood is how each component affects the overall system’s 
thermodynamics and kinetics, especially in complex hybrid 
organic/inorganic interfacial architectures. Consequently, 
deconvoluting the energetic effects that occur as a result of 
each interfacial component at the semiconductor|liquid 

junction is a critical research objective that will enable rationally 
designed interfaces.2,3

The prototypical protection strategy for semiconductor-
based photoelectrochemical cells is to deposit inorganic oxide 
layers such as titania (TiO2) layers onto the semiconductor 
surface.4–17 In addition to providing a corrosion barrier between 
the semiconductor and the electrolyte, the electronic structure 
of the oxide plays a key role in the interfacial energetics. On 
GaInP2, for example, inherently n-type TiO2 facilitates charge 
separation at the p-n junction formed by the two 
semiconductors and provides a thermodynamic energy barrier 
to recombination.3 Under illumination, photoexcited electrons 
move into the TiO2, spatially separating them from the holes 
that remain in the underlying semiconductor and providing an 
additional (kinetic) energetic barrier to recombination.3 

In addition to inorganic layers, the presence of a molecular 
moieties bound to a photoelectrode provides additional 
functionality to surface. The molecular dipole on the surface 
forces the semiconductor to equilibrate to an additional electric 
field, shifting the interfacial energetics.18–21 Silicon(111) has 
been functionalized with various organic molecules (alkyl,22 
aromatic,19 fluorinated21) and  halogens23,24 where the effect of 
the dipole has been measured electrochemically and/or 
spectroscopically. Similar studies have been performed on 
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Si(100)20 and silicon microwires.25 In addition to the electronic 
effects, molecular surface functionalization can also slow 
substrate oxidation26–28 and control surface wetting.29,30 
Incorporating molecular moieties on the surface also is known 
to tune the (electro)chemical reactivity of the semiconductor 
surface for fuel-forming reactions7,31–37 and other reversible 
redox couples.38–45 Of direct relevance to this study, molecular 
species additionally can serve as nucleation sites for metal oxide 
growth via atomic layer deposition (ALD) and facilitate clean 
semiconductor/metal oxide junctions.46 

Previous work on planar Si(111) demonstrated that the 
formation of hybrid organic/inorganic films can accrue the 
benefits of each component, where the effect of the organic 
molecular dipole was observed through the ultrathin (~2 nm) 
TiO2 and produced significant positive shifts in the proton 
reduction onset potential (Vonset).19 Previous work on 
nanoporous ‘black’ silicon (b-Si), prepared by metal-assisted 
chemical etching (see experimental details), is an exciting 
alternative to traditional planar silicon wafers since b-Si 
features a high surface area that promotes gas bubble 
desorption and thus enables large photocurrent densities47–49 
while leveraging the same appealing features as planar Si 
(optimal bottom cell band gap of ~1.1 eV, high natural 
abundance, and industrial maturity).50

Here, we apply a hybrid organic/inorganic interfacial 
architecture to b-Si and reveal intriguing insights into the 
thermodynamic and kinetic energetics resulting from this 
bilayer structure both with and without platinum nanoparticle 
(Pt NP) catalysts. The baseline hybrid organic/inorganic 
architecture is comprised of TiO2|1,4-butanediol|b-Si formed 
by reacting 1,4-butanediol with the nanoporous b-Si and then 
growing TiO2 on top of this molecularly-functionalized 
semiconductor using ALD. We modify these baseline hybrid 
architectures with Pt NPs either buried into the b-Si or 
deposited on top of the TiO2 and (photo)electrochemically 
probe the junction energetics of these two systems as a 
function of TiO2 thickness. In addition to traditional 
voltammetric studies of the nanoporous films where we 
measure Vonset, which represents a summation of the interfacial 
thermodynamics and kinetics, we also isolate the former as 
flatband potential (Vfb) through our recently-developed 
impedance technique called intensity-modulated high 
frequency resistivity (IMHFR) spectroscopy.51 By subtracting 
Vonset from Vfb, we separate the kinetic losses from the system 
thermodynamic potential and report a kinetic overpotential, 
𝜂kin. These studies provide a comprehensive analysis of the 
kinetic and thermodynamic contributions of hybrid 
organic/inorganic architectures and Pt NP catalysts to the 
photoelectrochemical behavior of nanoporous black silicon and 
serve as a guide for future investigations of hybrid 
organic/inorganic interfacial concepts.

Results and Discussion
Organic Monolayer Formation

Nanoporous b-Si is prepared via a metal-assisted chemical 
etch (MACE) on p-Si(100) by a previously reported 

procedure.47,49 To prepare the first architecture, termed 
‘surface Pt’, we bind a molecular monolayer to to the Pt-free b-
Si surface followed by ALD TiO2, and then deposit Pt NPs on top 
of this organic/inorganic hybrid bilayer via ALD. In the second 
architecture, termed ‘buried Pt’, we etch electrolessly 
deposited Pt NPs into the pre-formed b-Si wafer via a brief 
secondary MACE step. We then bind the same molecule to the 
Pt NP-embedded silicon followed by ALD TiO2. These two 
architectures are juxtaposed in Scheme 1.

Scheme 1    Two architectures studied in this work: ‘Surface Pt’ (Pt/TiO2/diol/b-Si) 
and ‘Buried Pt’ (TiO2/diol/B-Pt/b-Si).

We required a molecule with two functional groups to bind 
both the silicon and nucleate the growing oxide during ALD, and 
a symmetric molecule was chosen to avoid non-selective 
attachment. Given these constraints, the molecular species 1,4-
butanediol was selected and tethered via an alkoxy linkage to 
the b-Si surface by a radical-initiated binding process we 
previously developed for chemisorbing functional groups to 
silicon nanoparticles (Scheme S1).52 Since the anti-reflectivity 
and porosity of b-Si complicate spectroscopic characterization 
of the monolayer deep in the pores (e.g., reflectance-based 
techniques suitable for wafer samples are not possible), we 
confirmed successful monolayer formation electrochemically 
using a redox-active reporter molecule. A Steglish condensation 
was performed between ferrocenecarboxylic acid and the 
terminal alcohol group in the molecularly-functionalized b-Si 
(Scheme S1). We then collected cyclic voltammograms and 
quantified molecular coverage using the linear relationship 
between peak current and scan rate. We also performed the 
same chemistry on a planar Si(100) wafer to compare the 
electrochemically active surface area between the geometric 
and projected surfaces.

Figure 1 depicts voltammograms in nonaqueous electrolyte 
(0.2 M LiClO4 in MeCN) at multiple scan rates for planar silicon 
as the baseline. In the planar case (Figure 1a), the potential 
separation between anodic and cathodic peaks is small and the 
peak current (jp) is linear with scan rate, indicating a surface-
bound redox moiety. The calculated coverage (0.6  1014 
molecules/cm2) is similar to several reports bonding 
vinylferrocene to p-Si(100) where a range of 0.4–1.4  1014 
molecules/cm2 was observed.40,43,45,53,54 As expected, molecular 
surface coverage significantly rises after nanostructuring 
(Figure 1b). The Steglish ferrocene coverage on b-Si is 5.7 × 1014 
molecules/cm2, nearly double the expected ~5-fold increase in 
geometric surface area of b-Si compared with planar silicon.55,56 
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Fig. 1      Cyclic voltammograms at various scan rates of (a) planar diol/Si(100), (b) diol/b-
Si, and (c) diol/B-Pt/b-Si photoelectrodes after Fc-COOH esterification. (d) Summary of 
coverages measured in this work. Conditions: 0.2 M LiClO4 in MeCN. 

One explanation for the greater than expected coverage is that 
the nanostructured geometry allows for greater packing of large 
ferrocene molecules. Another possible explanation is that the 
mixed surface hydrides *SiHx (where *Si indicates a Si surface 
atom) on the b-Si nanoporous layers are more amenable to 
radical reactions than the *SiH2 groups at the Si(100) planar 
wafer, as has been seen for Si nanoparticles containing 
monohydride *SiH (similar to Si(111) surfaces), dihydride *SiH2, 
and trihydride (silyl) *SiH3 surface groups.57 A control 
experiment with directly-bound Fc-COOH (i.e., Steglish 
condensation without the alkoxy monolayer) achieves just 0.9 × 

1014 molecules/cm2 on b-Si. Thus, this ferrocene reporter 
molecule method is a valid representation of 1,4-butanediol 
monolayer coverage as relatively little ferrocene binds without 
the pre-adsorbed monolayer. Another interesting conclusion is 
that bidentate diol binding must be minimal, otherwise the 
Steglish condensation would not work and the directly-bound 
Fc-COOH and Steglish Fc-COOH coverages would be the same.  
Therefore, we conclude that the terminal alcohol remains 
exposed after binding and should facilitate ALD oxide 
nucleation. Finally, we studied how nanostructuring affects the 
cyclic voltammogram peak currents and shapes. While the peak 
current remains linear with scan rate upon nanostructuring, the 
peak potentials are more separated in molecularly-
functionalized b-Si compared with planar silicon. This shape is 
likely a product of slower electrolyte diffusion through the 
pores or a slight decrease in the electron transfer kinetics across 
the b-Si|electrolyte interface. Similar phenomena have been 
observed on ferrocene-functionalized silicon microwires.38

When Pt NPs are buried into the nanoporous silicon (B-Pt/b-
Si) via a secondary metal-assisted chemical etch followed by diol 
attachment, the peak shape is similar to that of b-Si, suggesting 
that Pt deposition does not significantly affect the 
nanostructured surface – consistent with our prior report.49 
However, the peak current is roughly halved resulting in a 
significant decrease in calculated surface coverage (3.1  1014 
molecules/cm2). This decrease is likely due to the Pt NPs either 
blocking silicon sites or interfering with the monolayer 
formation reaction. For example, electroless deposition of Pt 
NPs proceeds via a galvanostatic reaction and could lead to 
surface reconstruction that would change the available *SiHx 
binding sites, adversely affecting the radical reaction.

TiO2 Deposition and Interfacial Architecture

Imaging Titania Depsotion on Nanoporous Silicon
We next studied the deposition of TiO2 via ALD onto 1,4-
butanediol-functionalized b-Si. To minimize silicon oxidation, 
the wafer was transferred to the ALD chamber directly from a 
glovebox via an air-free load-lock. The deposition chamber was 
heated to 200 °C to decrease the defect density in the oxide film 
without degrading the monolayer. To understand the 
morphology of the oxide layer on the nanoporous substrate, we 
took cross-sectional STEM-bright field (BF) images of a portion 
of the sample. Figure 2 depicts STEM-BF and STEM-electron 
energy loss spectroscopy (EELS) images after 200 TiCl4/H2O ALD 
cycles. The pores are ~750 nm deep, 40–50 nm wide with a high 
pore density, all of which are consistent with our previous
reports on b-Si.48,49 The Ti-L2,3 and O-K edges were used to 
obtain the EELS spectral images to see the distribution of Ti and 
O atoms. The EELS images of Ti (red) and O (green) reveal that 
the TiO2 deposits into the entire length pores. For simplicity 
throughout this work we label the TiO2 thickness of each sample 
with the thickness determined by the same number of ALD 
cycles on planar, native oxide-coated silicon(100) wafer.
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Fig. 2     Scanning TEM images of the TiO2/diol/b-Si where 200 cycles (~10 nm) TiO2 were 
deposited. Left to right: STEM-BF image, EELS images of titanium (red) and oxygen 
(green).

Electrochemical Characterization of the Surface Pt Architecture
We complete the photoelectrochemical interface with the 
deposition of catalytic Pt nanoparticles onto the surface of the
ALD-deposited TiO2. To probe the role of TiO2 in this hybrid 
organic/inorganic interfacial architecture, we collected 
voltammograms in 0.5 M H2SO4 as a function of TiO2 thickness 
(Figure 3) and extracted the proton reduction onset potential 
(Vonset) as the potential where the current is –1 mA/cm2. When 
just 2.5 nm of TiO2 is deposited between the b-Si and Pt, Vonset 
is 0.22 V vs RHE. Increasing the TiO2 thickness to 5 nm produces 
a small positive Vonset shift, but additional TiO2 beyond 5 nm 
results in negative shifts. Previous work demonstrated that 
when native SiOx is grown on unfunctionalized b-Si, Vonset 
improves after 1 h of air exposure but decreases after longer 
times.48 As the native oxide thickness is proportional to time in 
air, our results correlate well with this observation where a 
small amount of oxide (here TiO2) improves Vonset, but the trend 
reverses as the oxide thickness is increased. The region of 
positive current correlates well with H2 oxidation and, 
consistent with the peak separation from the voltammograms 
in Figure 1, this feature may indicate that H2 diffusion is slow 
within the pores and remains available for oxidation.

The improvement in Vonset for thin TiO2 may be due to 
decreased surface recombination (i.e., passivation), while the 
negative shifts at greater TiO2 thicknesses could be a result of 
poor charge transfer through the oxide – both kinetic 
considerations. Alternatively, the silicon barrier height can 
move as a result of a field induced at the Si|TiO2 boundary or 
the changes to the Helmholz layer at the TiO2|solution interface 
– thermodynamic factors. We recently reported our use of 
intensity-modulated high-frequency resistivity (IMHFR) 
spectroscopy to show that observed changes in Vonset are a 
convolution of both thermodynamic and kinetic effects.51 Here 
we leverage this technique to measure the thermodynamic 
flatband potential (Vfb) of the samples and deconvolute the 
thermodynamic and kinetic factors resulting from the hybrid 
organic/inorganic interfacial architecture.

As we described in our recent work,51 IMHFR simultaneously 
measures the light and dark space-charge resistance (RSC) of the 
semiconductor photoelectrode (here Si). The high frequency 
(100 kHz) of the IMHFR technique shorts other circuit elements 
in order to focus the measurement only to RSC, which is strongly 

correlated with the number of carriers at the surface. Vfb sits at 
the boundary between potential regimes where photoexcited 
the light and dark values (∆R) yields the effect of illumination on 

Fig. 3     (a) Representative voltammograms for Pt/TiO2 (x nm)/diol/b-Si where x = 2.5 
(red), 5 (orange), 6.25 (green), 10 (blue), and 15 nm (purple). (b) Proton reduction onset 
potential (Vonset, potential where current density = –1 mA/cm2) reported as a function of 
TiO2 thickness (TOxide).

RSC as a function of potential. On p-type Si, when the applied 
carriers have a significant impact on RSC (depletion/inversion) 
and where the effect is negligible (accumulation). Subtracting 
potential is positive of Vfb the majority carriers accumulate at 
the surface and RSC is predominantly governed by the hole 
concentration since photoexcited minority carrier (electrons) 
are repelled from the surface. When the applied potential is 
negative of Vfb the surface is depleted of majority carriers 
(holes) and photoexcited electrons move to the surface where 
they significantly decrease RSC. Accordingly, Vfb is the most 
positive potential where photoexcited minority carriers can 
undergo charge-transfer at the surface and therefore 
represents the most postive potential where 
photoelectrochemical reactions are possible 
thermodynamically.

Figure 4a depicts the IMHFR plots for ‘surface Pt’ 
Pt/TiO2/diol/b-Si samples where the TiO2 thickness is 2.5 and 
6.25 nm. It is clear from these data that Pt/TiO2 films result in a 
much more positive Vfb (by ~0.5 V) when the TiO2 thickness is ≥ 
6.25 nm. This is a very interesting observation since we showed 
previously that the deposition of Pt nanoparticles onto an 
oxide-coated silicon surface results in a negative shift in Vfb,51 
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and so the positive shift we observe here must be related to the 
the TiO2|diol|Si interface. This behavior may be the result of a 
p-n junction between the p-Si and the n-TiO2. Considering the 
Vfb as a function of TiO2 thickness (Figure 4a inset), our results 
suggest the TiO2 conduction band doesn’t fully develop until the 
TiO2 is ∼ 6.25 nm thick, where the thinner layers exhibit 
properties uncharacteristic of bulk TiO2. This hypothesis agrees 
well with previous spectroscopic evaluation of amorphous TiO2 
on GaInP2, where a-TiO2 thicknesses ≤5 nm do not significantly 
retard carrier recombination; in contrast, thicknesses greater 
than this value (10 and 35 nm) increase carrier lifetimes due to 
the 0.64 eV field at the GaInP2|TiO2 interface.3

Next, we subtract Vonset from Vfb to calculate the kinetic 
overpotential (𝜂kin) of the system and evaluate the role of 
interfacial kinetics in the observed proton reduction behavior. 
As shown in Figure 4b, with a Pt/2.5 nm TiO2/diol layer, 𝜂kin is 
remarkably small (~0.01 V), which represents minimal kinetic 
overpotential from its thermodynamic value. However, 𝜂kin 
increases as the TiO2 thickness is increased, with a large ~0.5 V 
barrier to charge transfer observed at 10 nm. These results 
suggests that the Si|diol|TiO2 interface is an ideal junction 
(minimal kinetic overpotential) at 2.5 nm TiO2 thickness. In 
addition, the slow electron transfer kinetics through >2.5 nm 
TiO2 thick are quantified as a 0.15–0.5 V loss from the 
thermodynamic Vfb. We posit that a near ideal Si|diol|TiO2 
interface also occurs in the thicker TiO2 samples, but that at 
these thicknesses, upward band-bending at the solution|TiO2 
interface occurs due to the n-type nature of the oxide. 

Fig. 4     (a) Representative IMHFR plots of ‘surface Pt’ Pt/TiO2 (x nm)/diol/b-Si 
where x = 2.5 nm (red) and 6.25 nm (green). The inset depicts Vfb of samples where 
x = 2.5, 5, 6.25, and 10 nm. (b) 𝜂kin (Vfb – Vonset) of the samples shown in (a).

Accordingly, the energetic pathway from the TiO2 to solution 
may be uphill, forming a thermodynamic pocket within the TiO2 
that grows deeper (hindering charge transfer) with increasing 
TiO2 thickness. Ultimately, these results show that an interplay 
exists between the thermodynamics and electron transfer 
kinetics of the solution|Pt|TiO2|diol|Si junction. Interestingly, 
Vfb of the 15 nm samples could not be measured as no features 
were visible in the IMHFR plot. This phenomenon will be the 
subject of further study but may be a result of carriers moving 
into the TiO2 too quickly to be detected by IMHFR or effectively 
blocking charge transfer when the TiO2 is thick.

Electrochemical Characterization of the Buried Pt Architecture
We next explored the effect of depositing the diol/TiO2 
organic/inorganic hybrid architecture around Pt NPs buried 
deep within the silicon surface. In this way, we hypothesized 
that an oxide thickness might be found where the beneficial 
thermodynamics effects of TiO2 are achieved without fully 
blocking the electrolyte|Pt interface, thereby maximizing Vfb 
and minimizing 𝜂kin. First, we found that 10–15 nm thick TiO2 
results in a large and negative Vonset, presumably due to the 
solution|Pt contact becoming partially or completely blocked 
by the TiO2; indeed, ca. 5 voltammetric scans uncovered the Pt 
and achieved stable photoelectrochemical behaviour (full 
details on these observations can be found in the Supporting 
Information Figure S3 and associated discussion). We then 
conducted a combined voltammetry/IMFHR TiO2 thickness-
dependent electrochemical analysis for the ‘buried Pt’ samples 
to compare these to the ‘surface Pt’ electrodes. Figure 5 depicts 
the measured Vonset (a) and Vfb (b) values in addition to the 
calculated 𝜂kin (c). Contrary to the ‘surface Pt’ architecture, 
increasing TiO2 thickness in the ‘buried Pt’ architecture shifts 
Vonset positively until 15 nm TiO2 where a small decrease relative 
to 10 nm is observed (Figure 5a inset; cf. Figure 3b). 
Interestingly, while deposition of 2.5 nm TiO2 provides ~0.1 V 
positive shift in Vfb relative to the TiO2-free case, additional TiO2 
beyond 2.5 nm has no effect on Vfb (Figure 5b). The possibility 
of Fermi energy pinning is ruled out (see next section below). 
Despite the insensitivity in Vfb with TiO2 thickness, the kinetic 
overpotentials (𝜂kin) decrease with increasing TiO2 thickness up 
to 6.25 nm before increasing again for the 10 nm sample (Figure 
5c). This is easily explained since the ‘buried Pt’ architecture 
likely subverts the kinetic limitations we describe in the ‘surface 
Pt’ case where the clean Si|Pt contact in the former allows for 
an unimpeded carrier transport pathway. A less intuitive but 
intriguing observation is that there is still a kinetic benefit from 
increased TiO2 thickness despite this direct Si|Pt pathway. We 
speculate that the photoexcited electrons may move to the TiO2 
conduction band before migrating to the Pt NPs, limiting 
recombination with the holes that remain in the silicon. We also 
studied the durability of this architecture under sustained 
potentiostatic operation at 0 V vs RHE. As shown in Figure S5 for 
the 6.25 nm TiO2 thickness sample, the current initially 
increases during the first 5 min before decaying over the next 
30 min. The initial improvement in photocurrent is consistent 
with the TiO2 dissolution we discuss above. The decay may be 
due to oxidation of the silicon underneath the buried NPs,
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Fig. 5      Energetics characterization of x nm ‘buried Pt’ TiO2/diol/B-Pt/b-Si samples where x = 0, 2.5, 5, 6.25, 10, and 15 nm: (a) most positive Vonset from voltammograms, (b) Vfb from 
IMHFR plots, and (c) the calculated 𝜂kin value.

increasing the electron transfer overpotential. We observed 
similar oxidation of the underlying silicon during sustained 
photoelectrochemical operation of B-Pt/b-Si passivated with a 
native oxide.49 Another possibility is silicon oxidation from 
photogenerated holes originating within the TiO2.

Fermi Pinning
We were interested in further studying the relative insensitivity 
of Vfb on TiO2 thickness in the ‘buried Pt’ architecture since this 
could indicate the direct Si|Pt contact causes Fermi energy 
pinning. The thickness-dependent IMHFR characterizations for 
both interfacial architectures are shown in the Supporting 
Information (Figure S6). Our previous investigations on the diol- 
and TiO2-free B-Pt/b-Si system  so any indication that the diol or 
TiO2 pins the Fermi energy would be an unusual result. To test 
whether the interface was in fact pinned, we collected IMHFR 
data in a series of buffered methyl viologen solutions for both 
architectures. As is widely known, the pH-dependence of 
oxidized surfaces is attributed to amphoteric sites at the 
surface, shifting the Helmholz potential based on the difference 
between the oxide isoelectric point and the solution pH.1,59,60 
Therefore, the energetics of the entire interface must adjust to 
the additional field and Vfb of an unpinned junction will shift 
negatively with increasing pH. The pH-independent methyl 
viologen redox energy standardizes the solution redox potential 
while allowing the pH to change. If the energetics of the 
interface were pinned, little pH-dependence would be observed 
as the semiconductor interface instead equilibrates with 
(pinned) interfacial states, not the solution potential. 
As shown in Figure 6, we observe pH-dependent shifts in Vfb for 
both ‘surface Pt’ and ‘buried Pt’ architectures, conclusively 
demonstrating that neither architecture is Fermi energy pinned. 
Both electrodes exhibit a –36 mV/pH unit slope, similar to the –
44 mV/pH unit slope previously observed on oxidized planar 
silicon.61 Further, the Vfb of the ‘surface Pt’ electrode is ~50 
mVmore positive than that of the ‘buried Pt’ over all pH values 
tested (3–11), consistent with our previous observations. We 
conclude that when the Pt is deposited on top of the TiO2, the 
Si|diol|TiO2 interface is the predominant contact and Vfb 
increases. Previous work demonstrates the thermodynamic 

(and kinetic) benefits of semiconductor|TiO2 contacts and find 
similar shifts.3 Alternatively, when the Pt is buried into the 
silicon, the deep Si|Pt contact supersedes the surface TiO2 
layer’s thermodynamic effects.

Fig. 6      Vfb function of pH (buffered solutions + 0.25 M K2SO4 + 50 mM methyl viologen). 

Conclusions
In this study we probed the relationships between 

interfacial architecture and energetics at the nanoporous black 
silicon surface. We made use of the hybrid organic/inorganic 
scheme to build a controlled silicon/molecular layer/metal 
oxide junction. The successful formation of a 1,4-butanediol 
surface monolayer was confirmed via cyclic voltammetry after 
a secondary binding of ferrocenecarboxylic acid redox reporter 
molecule. We measured considerably more ferrocene on the 
surface after diol functionalization, confirming the molecule is 
both present and available for secondary reactions (particularly 
nucleating TiO2 during ALD). Interestingly, we find the presence 
of Pt on the surface limits ferrocene (and by extension diol) 
coverage by ~50%. The organic monolayer on the silicon was 
then used to nucleate TiO2 deposited via ALD, on which Pt NPs 
additionally could be deposited.

The ‘surface Pt’ Pt/TiO2/diol/b-Si architecture exhibits 
positive Vonset values when the oxide layer is thin, but thicker 
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layers shifted Vonset negatively. Investigation via IMHFR revealed 
this shift occurs despite the positively shifting Vfb, and the 
kinetic overpotential is severely limiting when the TiO2 is thick. 
In contrast, in the ‘buried Pt’ TiO2/diol/B-Pt/b-Si architecture 
increasing TiO2 thickness only minimally modulates the 
thermodynamics as well as the kinetic overpotential owing to 
the direct Si|Pt contact in this system. We do not observe Fermi 
pinning of either interface. Importantly, we find the ‘buried Pt’ 
architecture circumvents the large kinetic overpotential 
observed when electrons are required to travel through thick 
TiO2 as the ‘surface Pt’ hybrid interfacial system. However, 
placing the Pt on top of the oxide in this ‘surface Pt’ system 
allows for the formation of a thermodynamically favorable 
interfacial junction. These results suggest careful consideration 
of interfacial architecture is critical to optimal semiconductor 
junctions. A combined study using conventional votammetry 
along with IMHFR provides valuable insights that can be used to 
understand and inform new, complex interfacial architectures.
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