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Abstract:

Zinc oxide (ZnO) nanomaterials are promising components for chemical and biological sensors,
and operate as electron collectors in photovoltaic technologies. Many of these applications
involve nanostructures in contact with liquids or exposed to ambient atmosphere. Under these
conditions, single crystal ZnO surfaces are known to form narrow electron accumulation layers
with few-nm spatial penetration into the bulk. A key question is to what extent such pronounced
surface potential gradients can develop in the nanophases of ZnO, where they are expected to
dominate the catalytic activity by modulating charge carrier mobility and lifetimes. Here, we
follow the temperature-dependent surface electronic structure of nanoporous ZnO with
photoemission spectroscopy to reveal a sizable, spatially averaged downward band bending for
the hydroxylated state, and a conservative upper bound of <6 nm for the spatial extent of the
associated potential gradient, which implies strong confinement of the conduction-band electrons

to the surface of the nanostructure.
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Introduction:

Nanoscale zinc oxide (ZnO) attracts broad interest in fundamental research and for industrial
applications, as it can be economically and sustainably synthesized in a vast variety of shapes,
ranging from spherical particles, pillars, discs and ribbons, to more complex and extended
architectures like tetrapods or cauliflowers.! This design flexibility is the main reason for its
success in nano-electronics, chemical/biological sensors, photocatalytic remediation, as well as
energy conversion and storage schemes.!™ The crystalline phase, orientation, and aspect ratio in
these nanostructures can further be tailored to meet specific application demands, facilitating

rational device optimization.*

However, aside from these prospects, ZnO materials also exhibit a complex defect chemistry,
which often complicates the prediction and microscopic interpretation of their function in
electronic and catalytic applications .! For example, it is still controversial what types of
impurities are responsible for its native n-type conductivity, and what role these defect states play
in mediating chemical reactions.’”” Most defects are formed preferentially near the surface, and
are therefore believed to dominate the electronic and catalytic response of metal-oxide
nanomaterials. The electronic structure of ZnO interfaces is therefore governed by intrinsic and

adsorbate-induced donor/acceptor states, which can disturb the local charge balance near the



surface, giving rise to the formation of space charge layers (SCLs). The depth-dependent
potential V,;, (z) associated with this charge imbalance modifies all energy levels in the near-
surface region of the semiconductor, commonly referred to as “band bending” (bb) effect.®
Depending on the characteristics of this band bending, the resultant potential energy landscape
can either be a driving force for efficient electron-hole pair separation, or for the localization of
one charge carrier type near the surface, which are both critical gateways for boosting (photo-
Ychemical reaction yields.® In particular, the weaker photocatalytic performance of rutile TiO>
single crystals compared to the anatase phase has been explained by the smaller surface band
bending present at rutile surfaces.” Although band bending is beneficial for many applications, it
is usually considered to be negligibly small in nanomaterials.® Here we demonstrate that under
hydroxylated conditions sizeable band bending can develop in nanostructured ZnO, which

strongly impacts its interfacial electronic structure.

Many applications of ZnO nanostructures require the material to be in contact with liquids or
involve exposure to ambient humidity. Extensive research on single crystal ZnO has
demonstrated that these conditions lead to a hydroxylation of the ZnO surfaces. The associated
surface hydroxyl groups are mainly formed between ZnO surface oxygen atoms and intermediate
protons generated, e.g., during the dissociative adsorption of water, alcohols, or hydrogen.!®!
They induce shallow donor states that easily release electrons into the ZnO conduction band
(CB).22 This adsorbate-mediated surface transfer doping generates positively charged donors at

the surface, and accumulates negative charge within the SCL. The underling interfacial charge

rearrangement leads to a downward bending of all energy levels near the surface, and may even



trigger semiconductor-to-metal phase transitions when the CB minimum (CBM) is shifted below

the Fermi level,!0242

Despite enormous research efforts, however, it remains unclear to what extent nano-sized ZnO
structures are able to accommodate significant interfacial potential gradients.®?*?” For ZnO
nanomaterials exposed to different gases, or subject to different surface treatments, indications
for both upward and downward bb have been reported, suggesting that the hb character results
from the interplay between adsorbate-adsorbate and surface-adsorbate interactions.!*?%3
Detailed, quantitative information on the polarity, magnitude, and shape of V};,(z) under well-
controlled conditions is therefore necessary to obtain a comprehensive understanding of the
catalytic function of ZnO nanostructures on a microscopic level. Unfortunately, common
spectroscopic techniques established for the characterization of extended, single-crystal

semiconductors lack sensitivity to the shape of V,;,(z) as a function of the depth z below the

surface, or yield ambiguous results when applied to nanoporous or amorphous samples.®

Here, we follow the temperature-controlled evolution of the near-surface electronic structure of
ZnO nanoparticle films (~15 nm average particle diameter) with X-ray (XPS) and ultraviolet
(UPS) photoemission spectroscopy under UHV conditions (see Supporting Information (SI) for
details). Our results provide conclusive evidence for a significant, ~0.8 eV spatially averaged
downward bb for the initially hydroxylated surface, with a <6 nm maximum spatial penetration
of the associated potential gradient into the bulk of the nanoparticle film. These findings are
crucial for understanding and optimizing charge carrier transport in interconnected metal-oxide

nanoparticle networks and their (photo-)catalytic performance.



Results and Discussion:

Figure 1(a) compares Ols XPS spectra acquired from the hydroxylated ZnO nanostructure, as
loaded at room temperature (top panel), as well as after annealing to Tg = 400 K (middle panel)
and to Tg = 700 K (bottom panel). The presence of surface OH-groups is verified by the high
binding energy Ols component at Eg = 532.7 eV (green).!*!* The total O1s photoemission is
described by a pair of Gaussian peaks with fixed Eg separation (1.6 eV) and constrained full-
width-at-half-maximum (FWHM). Assuming a flat substrate, and taking the 2.3 A average
thickness of hydroxyl monolayers on low-index ZnO surfaces as a reference,'>** the 38%
hydroxyl contribution to the total Ols emission (in combination with the 1.57 nm inelastic mean
free path (IMFP) of the O1s photoelectrons®) translates into an OH-coverage of ~3 monolayers.
Including the impact of the corrugated nanostructure surface on the relative Ols XPS signal
strengths within a single-sphere approximation leads to a ~50% smaller estimate for the OH-

).36 Thus, as the real surface topography of the fused

coverage (see Supporting Information (SI)
ZnO nanoparticle films lies in between these limiting scenarios, the measured Ols peak intensity
ratio is fully consistent with a complete hydration of the ZnO samples at room temperature. Upon
annealing to Ts = 700 K, the OH-related Ols peak decreases below the detection limit, indicating
the transition to a surface hydroxyl-free ZnO nanostructure. This threshold temperature range for
complete OH removal is in good agreement with XPS results from both polar and non-polar ZnO

crystal surfaces,'>! temperature-dependent conductivity measurements,*” and thermal desorption

studies on ZnO powders.*®
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Figure 1. Temperature-dependent XPS and UPS spectra of a ZnO nanoparticle film. (a) Ols XPS
spectra obtained for the initially hydroxylated sample at 300 K (top), and after annealing to 400 K
(middle) and 700 K (bottom) in UHV. The O1s photoemission is decomposed into a ZnO-bulk
(blue solid lines) and surface hydroxyl (OH) contribution (green solid lines). (b) Zn3d XPS
spectra. (¢c) UPS valence band spectra. The position of the valence band maximum (VBM) at the
surface is determined by linear extrapolation of the low binding energy edge (magenta solid
lines) to the baseline. UPS and XPS spectra are recorded with photon energies of Av =21.2 eV
and hv = 1253.6 eV, respectively. Red dashed lines highlight the temperature-induced shifts to
lower binding energies (AEg-Ols: 470 meV; AEg-Zn3d: 380 meV; AEg-VBM: 790 meV).

As indicated by the red dashed lines in Figure 1(a,b), the loss of OH-groups is accompanied by
rigid shifts of the Ols and Zn3d photoemission lines to lower Eg. The same trend is observed for
the valence band maximum (VBM) as indicated by the UPS spectra in Figure 1(c). The
intersection of a linear fit to the leading edge of the VB photoemission and the instrument
baseline yields a binding energy of E;Zg= 3.74 £0.02 eV for the VBM at the surface of the
hydroxylated nanostructure (uncertainties are standard errors of several independent
measurements). Note that this binding energy is significantly larger than the bandgap Eg=

3.30+0.01 eV of the nanoporous ZnO film (Figure S1, SI). Generally, for a non-degenerated n-



type semiconductor, a scenario where E;g;{ exceeds the material bandgap is only compatible
with a downward bending of the electronic bands near the surface (Figure S3, SI).® Thus, the
combination of the large VBM binding energy relative to the Fermi level and the intrinsic n-type
behavior of bulk ZnO* is an unambiguous signature for downward bb toward the surface of the

nanostructure.'®!* Annealing the sample shifts the VBM at the surface closer to the Fermi level,

saturating at a minimum value of E;Z',;{= 2.95+0.02 eV for Tg = 600 K.

Figure 2 summarizes the temperature-dependent evolution of several key parameters

characterizing the electronic structure of the nanoporous ZnO surface. Distinct trends are

surf

observed with decreasing OH coverage (a): both E,;,; (b) and the Zn3d peak (d) shift gradually
to lower Eg, which can be attributed to a reduction of downward bb. Additionally, the
workfunction (c) increases as a function of Tg, which is expected for a diminishing positive

charge at the surface associated with the quenching of OH-related donors upon desorption at

elevated temperatures.'* A similar correlation between OH coverage, workfunction and E;g;{ has

been found for ZnO single crystals upon controlled exposure to hydrogen, water and methanol.!*

1214 In particular, the workfunction of 3.85 eV determined here for the as-loaded nanoporous film
is almost identical to the value reported for completely hydrogen-terminated low-index ZnO

11,14

surfaces,” »'* which further corroborates the assumption of a fully hydroxylated initial state of the

nanostructures investigated here.
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Figure 2. Temperature-dependent evolution of the surface electronic structure. (a) Contribution of
the surface-hydroxyl component to the total O1s photoemission as function of sample temperature.
(b) Position of the valence band maximum at the surface with respect to the Fermi level. (c)
Workfunction derived from the low-energy cutoffs of the UPS spectra. (d) Binding energy of the
Zn3d photoemission line. (¢) Zn3d peak width (FWHM). Solid lines are guides to the eye.

Closer inspection of Figure 2(b,d,e) reveals that the Zn3d XPS peak experiences only roughly
half the Eg -shift compared to the UPS-derived E;Z,;{, which is accompanied by a distinct
narrowing of its lineshape. The microscopic origin of these effects is illustrated in Figure 3(a-c):
whenever the XPS probing depth is similar to the spatial extent of the SCL below the surface, the
spectral distribution of the overall Zn3d photoemission is modulated by the interfacial potential

gradient Vy,, (2). Therefore, starting from a downward bb scenario as illustrated in Figure 3(c),



temperature-driven band flattening (a,b) will be reflected in a narrowing of the Zn3d XPS peak
width and a shift of its center toward lower binding energies, as experimentally observed. This
combined effect of photoelectron escape depth and spatial Vy,;,(2) progression on shaping the

observed Zn3d signal is also responsible for the difference in energy shifts determined by UPS

and XPS. In the more surface-sensitive UPS measurements of E%;{, photoelectrons originate

almost exclusively from the topmost layer.*’ In contrast, the probing depth (defined as 3 x IMFP)
in the Zn3d XPS experiments is ~3 x 2.35 nm,* which leads to significant averaging of
photoelectron signals with different binding energies emerging from different depths, and thus to

a smaller overall energy shift of the entire XPS spectrum as illustrated in Figure 3(a-b).

Based on the discussion presented so far, we interpret the saturation behavior of the temperature-
dependent spectral signatures in Figure 2 as a transition from an initial downward bb situation in

the as-loaded ZnO film, towards flatband conditions for the dehydrated state at Ts = 600 K. In
this context, the difference between E;Z,Ir\{ at Tg = 300 K and T5 = 700 K directly yields the
maximum downward bb at the surface Vbs;)urf =0.79 +£0.03 eV for the fully hydroxylated ZnO
nanostructure, which allows us to determine the position of the conduction band minimum
(CBM) in the bulk of the ZnO nanoparticles to be Eé’;‘,ﬁ‘ = Vbsburf + Eg - E;Zg =350 meV above
the Fermi level (see Figure S3, SI). Applying Boltzmann statistics and the effective mass
approximation for the CB occupancy, we estimate the bulk carrier density of the nanoporous film
to be n, = N X e~ ECom/*8T =~ 4.10'2 cm™, where N, ~ 3-10'® cm™ is the effective CB density of
states in ZnO."® Such comparatively low values for n,, are in reasonable agreement with carrier

densities expected for high-quality ZnO films,*' and align with the core-shell structure proposed



for ZnO nanoparticles, i.e., a crystalline and stoichiometric bulk region surrounded by a highly

defective surface.’!

Temperature-driven bb modifications have recently been observed for various OH-terminated
metal-oxide single-crystals.'>!3*? In these systems, the transition from electron-accumulation-
type SCLs to the flatband limit occurred in an intermediate temperature range, and was followed
by the emergence of electron-depletion-type SCLs featuring upward bb at higher
temperatures.'>!>*? In general, it is difficult to unequivocally infer flatband conditions solely
based on energy shifts in photoemission spectra.**** In this context, the additional information
revealed by the temperature-dependent Zn3d XPS peak width is essential. As indicated in Figure
3(a-c), the flatband situation is characterized by the narrowest XPS lineshape. In contrast, the
onset of sizable upward bb at higher temperatures would inevitably add spectral broadening.****
It is therefore important to note that not only the energy shifts, but also the FWHMs of the Zn3d
peak for the last two annealing cycles are indistinguishable within the error margins (see Figure
2(d,e)). This favors flatband energy level alignment rather than electron depletion within the SCL
during the final heat treatment employed in our study. Note that the UPS-determined VBM
position also remains unchanged for T5 = 600-700 K within the experimental uncertainty (Figure

2(b)). This quantity tracks any change in the surface potential even more sensitively due to the

small probing depth inherent to the UPS method.*

Since the correlation between the Zn3d peak shift and its line-narrowing encodes the spatial
characteristics of the bb potential, we adopt an XPS peak envelope reconstruction algorithm to

retrieve quantitative information on the V;,(z) depth profile from the T -dependent Zn3d Eg-
10



shifts and FWHM variations.'>** In this approach, the spectral distribution D (Eg) of the total
Zn3d emission is modeled as a superposition of discrete photoelectron contributions emerging

from different depths z; below the surface (Figure 3(a-c)) according to:

D(EB) = Zi Di = Zi(VZ,ESCL) DO(EB - EO — Vbb(zi)) X e—Zi/IMFP.
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Figure 3. Correlation between Zn3d XPS lineshape, band bending and OH coverage. (a)-(c) The
total Zn3d XPS spectrum D (Eg) is modeled as a superposition of spectral contributions D;
emerging from different depths z; below the interface. The relative D; intensities are weighted by
the inelastic mean free path (IMFP), and their central energies are governed by the local value of
the band bending potential V,, (z;). If the XPS probing depth (= 3 X IMFP) is comparable to the
spatial extent of V/,;,(2), changes in this potential are mapped onto modulations of the overall
XPS lineshape. Different scenarios are illustrated: (a) flatband condition resulting in the
narrowest XPS lineshape. (b) Moderate, and (c) strong downward band bending giving rise to
additional spectral broadening. (d) Schematics illustrating the correlation between the sample
temperature Tg, surface hydroxylation and the space charge layer (SCL) that defines V},;,(2). Note
that the oxygen in the OH groups represents a ZnO surface atom. (¢) SEM image of the ZnO
nanoparticle film.*’

Here, D; and E, denote the Zn3d lineshape and peak position, respectively, in the absence of
band bending, i.e., under flatband conditions (V;,(z) = 0). For the simulations, we derive these
input parameters from a Gaussian fit to the Zn3d spectrum at Tg = 700 K (Figure 1(b)). The
relative spectral weights of the individual D; components are defined by the exponential IMFP
damping term. In all numerical calculations, the spatial sampling step size z;,; — z; was set to
0.2 nm, which corresponds to the interlayer spacing of ZnO, averaged over all high-symmetry
directions in the wurtzite lattice. By matching simulated to measured Zn3d XPS spectra, different
analytic functions describing the V},;,(z) shape can be benchmarked against the experimental
AFWHM-vs.-AEp trace, assuming that the depletion of surface donors only affects the magnitude

of the downward band bending potential.

These simulations are illustrated in Figure 4(a), which shows fit results for a cubic potential

N3
profile, Vy,,(2) = Vbsburf X (%) for 0 < z < z,,, where Vbsburf is the maximum band-bending

value at the ZnO surface (z = 0) and z,;, is the maximum spatial extent of the band-bending

potential into the bulk. Excellent agreement with the experimentally derived AFWHM-vs.-AEg

12



trace (Figure 4(a)) and the Zn3d XPS spectra (Figure 4(b)) is achieved for z,, = 5.1 £ 0.7 nm.
Error bars represent the z,;,-range within which the merit function y is less than twice the
minimum value, as shown in the inset of Figure 4(a). We tested several functional forms of
Vpp(2), the corresponding optimized depth profiles are summarized in Figure 4(c). A central
finding is that the bb potential drops by more than 80% over a distance of less than 3 nm from the
surface, irrespective of the exact Vp,, (z) model shape. While the existence of such strong
interfacial potential gradients has been established for adsorbate-covered single-crystal ZnO

10-14

surfaces, our results strongly suggest that they can also develop in nanoscale structures.

It should be noted that the Zn3d XPS simulations presented here are based on a planar sample
geometry. Corresponding simulations within a single-sphere model (SSM) yield an even smaller
spatial extent of the built-in potential (see inset of Figure 4(d)) due to an effectively reduced
IMFP (see SI). The interconnected nanoparticle films in our study can be assumed to exhibit

surface topographies in between these two limiting cases.

13



a Sample Temperature, Ty (K (o]
P P s ) XPS probing depth (3 x IMFP) ,

700 600 500 400 300 | |
20 Il Il 1 Il 1 04
20
of - 0.3
%E, L 02
201 O
~ 1.2
° = 013
[ T B e e SEEEEEE =
S B =
g0 N S S E S - 0.0 ®
% 7 %6 40 I 8 52 ssI 60 6. -'01-""'
. 44 4 . X 4 ste o
= Z,, (NM) > P 2
o -80- linear o2
3 parabolic
S 100 cubic el
‘ ¢ experiment exponential L 04
-120 4 1 optimized cubic V,,,(z) 0.8 ’
T T T T T T T T
T T T T T T T T
350  -300 250 -200 -150  -100  -50 0 0 ! 2 Depth ?rom su:face , (snm) 6 7 8
Zn3d energy shift (meV) '
b d 91 z,,=3.1nm 6 o PSM o
104 D,(E) O Zn3d XPS (300 K) E 54 5| 2 som
n 3
n b(E) % — DB =% D(E) £7 g9 .
= 08 D,(E) , = £ £3] @ a
=] E € 6 2 N
g ) . d . a
2 06 51 1 :
© = A
~ K] 4 4 o z_ =1.1nm (1/e)
2 © t linear parab. cubic ex| b
a 044 c / step P . p.
c 2 34
o )
c o 24 = =
= 0.2 1 % N Z,,=3.5nm z,=42nm  Zp" 5.1nm
00 ke o L) V7 wm WA
14 8 step linear parabolic cubic exponential

Binding energy, Eg (V)

Figure 4. Quantifying the depth profile of the interfacial potential V},(z). (a) Comparison of the
experimentally determined correlation between Zn3d peak-shift and peak-narrowing to a numerical
simulation based on a cubic V};, (2) profile. Parameter optimization restricts the maximum spatial
extent of the potential to z,;, = 5.1 £ 0.7 nm below the surface. The nanometer sensitivity of this
modeling is highlighted in the inset, showing the z,,—dependence of the fit merit function. (b)
Comparison of experimental (black circles) and simulated (violet solid line) Zn3d XPS spectrum
at a sample temperature Ts = 300 K. The origins of the individual XPS components D; (orange
shaded peaks) are illustrated in Figure 3(a-c). (¢) Comparison of analytical functions for V}, (2).
The green bar indicates the experimental XPS probing depth of the Zn3d photoemission. The
orange energy scale references the surface potential to the bulk limit, whereas the blue energy scale
refers to the position of the conduction band minimum (CBM) vs. the Fermi level. (d) Merit
function minima of simulations based on the V,,(z) shapes depicted in (c). Optimized z,
parameters define the depths z where the potential reaches the ZnO bulk value. Only for the
exponential profile is z,;, defined as the 1/e decay constant. The inset compares zp;, values
obtained from an analysis within a planar-surface model (PSM) and a single-sphere model (SSM).
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The determination of the most suitable analytical approximation for V,,(2) is illustrated in Figure
4(d). It compares the minima of the merit function for parameter-optimized simulations based on
the different V,;, (z) profiles depicted in Figure 4(c). Evidently, a step-like or exponential shape
can be discarded, which further demonstrates the nanometer sensitivity of our approach to V;,(z)
depth variations. Within the experimental uncertainties, it is difficult to distinguish between a
linear, parabolic, and cubic V}, (z) shape based on the quality of the fit results alone. However, a
linear potential profile is not linked to a well-defined carrier distribution n,(z) via the Poisson

d?Vpp(2)
VA

equation — 5 XM (2), and is therefore discarded. For a more detailed discussion of the

parabolic and cubic potential shapes, it is instructive to consider general boundary conditions for
potential gradients and underlying charge carrier densities in isolated ~15 nm ZnO nanoparticles.
Solving the Poisson equation for spherical semiconductor particles,”’ we estimate that a uniform
volume electron density of ~7-10'” cm™ within the SCL shell is required for a parabolic V,;, (2)
to enable 0.8 eV downward bb. For comparison, a cubic V,;,(z) can generate the same potential
drop with a linear charge density increase from n,, = 4-10'> cm™ in the core region, to 6:10' cm™
near the surface of the nanoparticles (see Figure S4, SI). Integrating the charge density profiles
along the depth coordinate z yields 3-10'* cm™?and 1.5:10'* cm™ for the number of electrons per
unit area associated with parabolic and cubic potential gradients, respectively. These values are
consistent with carrier densities observed by Hall-measurements in electron accumulation layers

of hydrogenated ZnO single crystals surfaces.*

To explore whether electron area densities of this magnitude can be generated solely by surface-
hydroxyl donor states, we build on theoretical studies of water adsorption on ZnO(1010),'¢ which

represents the lowest-energy ZnO surface, and is thus expected to be a prevalent crystal

15



orientation in ZnO nanomaterials. DFT calculations identify two H2O molecules per ZnO(1010)
surface unit cell (0.33 x 0.52 nm?) as the most stable monolayer configuration, with one H,O
moiety adsorbed molecularly, while the second dissociates. The intermediate hydrogen atom
generated in the latter process combines with a surface lattice oxygen atom to form a surface OH-
group with electron donor character.!® This scenario yields an upper limit of ~6:10'* cm™ for
purely surface-hydroxyl-induced electron area densities, which is fully compatible with the
interpretation of OH-mediated surface-transfer doping being the dominating source of electrons

inside the SCL for the hydroxylated ZnO nanostructures.

Since most of the electrons in the ZnO SCL have been released from surface donor levels, the
equilibrium electron density distribution is also expected to be graded towards the interface,
shaped by Coulomb interaction and carrier diffusion processes. We therefore favor the cubic
Vpp(2) dependency as the simplest analytical description for the spatial depth evolution of the bb
potential inside the ZnO nanoparticle film, albeit combinations of higher-degree polynomials
might possibly yield slightly better agreement with the experiment. Interestingly, however,
Vpp(2) simulations based on single-term higher polynomial parameterizations consistently result
in worse agreement with the experimental data compared to the cubic profile (Figure S5, SI).
Future studies employing tunable X-ray photon energies may provide more stringent tests of such

subtle microscopic details of the potential gradient.

Conclusion:
In summary, we provide strong evidence for large potential gradients within the surface-near
region of hydroxylated ZnO nanostructures, with an average spatial extent of only a few

nanometers into the bulk. Based on the corrugated nature of the nanostructure surface, the ~0.8

16



eV downward band bending revealed here should be considered as a spatially averaged property
of the nanoporous film. Indeed, recent DFT studies on hydrogenated ZnO(1010) surfaces
emphasize the local character of such adsorbate-induced potentials, with atomic-scale spatial
confinement to the adsorption sites and amplitude modulations exceeding 1 eV.!* Contrary to
common belief, our experiments indicate that band bending effects of this magnitude can also
occur in metal-oxide nanomaterials, and has therefore to be considered in the description of their
surface electronic properties. Recently, significant hydroxyl-related downward band bending has
also been reported for single-crystal Ag/ZnO junctions.!” The pronounced nanophase potential
gradients revealed in the study reported here might therefore be of general importance for

successfully interfacing metal contacts with ZnO nanostructures in device applications.

Finally, our results imply a partial metallization of the hydroxylated ZnO nanostructure surface,
since the CBM near the interface is below the Fermi level (Figure 4(c)). The possibility to control
and tailor such surface-conductive channels is relevant for advancing the performance of ZnO-
based (photo-)catalytic nanomaterials. For example, near-surface diffusive transport of electrons
through interconnected nanoparticle networks may activate surface-recombination pathways and
lead to reduced device performance. We note that the findings presented here suggest a
microscopic picture of electron propagation that is contrary to the most common models of
charge transport in nanoporous metal-oxides. These usually assume depleted nanoparticles
featuring upward band bending, where electron transfer proceeds via particle-to-particle hopping
in a random-walk fashion. The surface electronic structure of hydroxylated nanoscale ZnO
discovered here might be partly responsible for the comparably low performance of this material

in dye-sensitized photo-electrochemical systems.>*

17



Experimental Section:

Sample preparation: ZnO nanoparticles with an average diameter of ~15 nm have been prepared
with a sol-gel method based on a zinc acetate dihydrate precursor (Sigma-Aldrich) in ethanoic
solution and tetramethylammonium hydroxide as separating agent.*’ The resulting colloidal
suspension is spin-coated (2000 rpm) onto cleaned 1 x 1 cm? mirror-like polished stainless steel
or FTO substrates. The films are subsequently dried at 60 °C and calcinated in air at 360 °C for
50 minutes to generate interconnected nanoporous networks. This procedure yields
macroscopically homogenous ZnO films, while preserving a nanoscale surface topography. The
~0.5 pm thick ZnO films were cleaned by ultra-sonication in ethanol and de-ionized water, and
blown dry with Argon before transferring them into the UHV system (base pressure <2-1071°
mbar) for the XPS and UPS experiments. In the main text, these samples are referred to as

initially hydroxylated ZnO nanoparticle films.

Photoemission experiments: UPS spectra are recorded using He-I emission (hv =21.2 eV) and
XPS spectra with non-monochromatized MgKa radiation (Av = 1253.6 e¢V) from a laboratory X-
ray tube in normal photoelectron emission geometry. The absolute binding energy scale is
calibrated with respect to the Fermi level at Ex = 0.00 eV and the Au4f;> peak center at 84.00 eV,
obtained from a sputter-cleaned gold surface. The resolution in the UPS and XPS experiments
was ~150 meV and ~0.8 eV, respectively. In all measurements, the photon intensity was varied
by at least one order of magnitude to exclude errors due to sample charging, especially for the
dehydroxylated samples. Additional care was taken to rule out any impact of sample degradation
upon prolonged He-1/X-ray exposure. Taking the sampling area of the hemispherical
photoelectron energy analyzer into account (SPECS; Phoibos100 operated in medium-area
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mode), we estimate that ~10'° individual nanoparticles contribute to the measured XPS and UPS
signals reported here. For each annealing step, the sample was kept at a specific temperature for 5
min. Photoemission spectra were subsequently taken at a sample temperature of 300 K. The
temperature was monitored with a type-K thermocouple pressed onto one corner of the sample.
Sample annealing was performed by radiative heating from the rear with two tungsten filaments.
Photoemission spectra obtained after annealing to >700 K are not discussed here, as such high-
temperature treatments caused instabilities within the ZnO nanoparticle film, with partial loss of

adhesion to the metal/FTO substrates.

Supporting Information:

Sample characterization, energy level schematics, charge density and band bending calculations

for isolated nanoparticles, single-sphere model for XPS signal attenuation.
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