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Abstract

Cu/ZnO/Al,053 catalysts are commonly used for methanol synthesis, yet the chemical state of the
Cu|ZnO interface remains debated. We probe Cu|ZnO interfacial chemistry by measuring junction
electrical characteristics under N, CO, and gas mixtures from 50 to 250 °C and up to 10 bar(a).
The pristine interface behaves as a nonideal rectifying Schottky diode, and H, exposure drives a
reversible transition toward ohmic behavior, with increased apparent n-type donor density in the
Zn0O and lower Schottky-barrier height. This result implies the electric potential at the putative
active-catalyst interface decreases under reactive conditions. Recovery of rectifying behavior under
0O, and H,-free N, or CO, argues against persistent Cu-Zn alloying or oxygen-vacancy formation

and supports reversible hydrogen doping of ZnO. CO, slows H insertion into ZnO relative to Ny,
while water strongly suppresses it. Junction electrical measurements thus inform how such catalytic
interfaces evolve under reactive conditions.
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Abstract

Cu/ZnO/AlL 05 catalysts are commonly used for methanol synthesis, yet the chemical state of the
Cu|ZnO interface remains debated. We probe Cu|ZnO interfacial chemistry by measuring
junction electrical characteristics under N,, CO, and gas mixtures from 50 to 250 °C and up to 10
bar(a). The pristine interface behaves as a nonideal rectifying Schottky diode, and H, exposure
drives a reversible transition toward ohmic behavior, with increased apparent n-type donor
density in the ZnO and lower Schottky-barrier height. This result implies the electric potential at
the putative active-catalyst interface decreases under reactive conditions. Recovery of rectifying
behavior under O, and H,-free N, or CO, argues against persistent Cu—Zn alloying or oxygen-
vacancy formation and supports reversible hydrogen doping of ZnO. CO, slows H insertion into
ZnO relative to N, while water strongly suppresses it. Junction electrical measurements thus
inform how such catalytic interfaces evolve under reactive conditions.
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The hydrogenation of CO, into useful fuels and chemicals such as methanol is important for
closing the carbon cycle." Among CO; reduction and hydrogenation products, methanol stands
out as a product already manufactured on commodity scale using oxide-supported
Cu nanoparticle catalysts.>> While the substrate CO, for these catalytic reactors originates from
water-gas-shift reaction of feedstock CO within the same reactor bed, CO, has been definitively
identified as the carbon source for methanol via '“C radiolabel experiments performed in the
1980s.°

Within the set of oxide-supported Cu catalysts, Cu/ZnO/Al,03; (CZA) has remained the common
CO,-to-methanol catalyst since being established by Imperial Chemical Industries in 1965.
Decades of work devoted to the question of why does CZA offer high methanol activity and
selectivity — have produced a variety of, sometimes contradictory, hypotheses for the structure of
and chemical interactions within the CZA catalyst.>”"*

The structure of the Cu|ZnO junction under reaction conditions has been variously hypothesized
to be a metallic Cu-Zn brass,”" mechanically strained Cu|ZnO,'® a mixed (Cu,Zn;.,) oxide, Cu
supported on an oxygen-vacancy-rich ZnO surface,'” and mobile ZnO islands forming on Cu
nanoparticles.”” Two observations recur in the CZA literature. First, operando IR spectroscopy
identifies surface-adsorbed formate as the most-abundant reduced species on CZA, yet the site of
formate adsorption — Cu vs CuO vs ZnO — remains contentious.'® Second, the kinetically limited
methanol formation rate from these catalysts has been found to correlate linearly with exposed
Cu surface area as inferred from N,O titration of surface Cu," leading to the hypothesis that Cu/
CuO alone is responsible for catalytic turnovers, with ZnO/Al,O; providing a stable support.*
However, N,O titration as a method of measuring exclusively surface Cu is contentious since
N,O could also react with reduced metal/metal oxide surface species besides metallic Cu.** More
recent kinetic experiments comparing Cu-ZnO-Al,O; and Cu-Al,O; found the addition of ZnO
increased the site-normalized methanol formation rate without altering differences in CO,, H,
and H,O reactant orders, suggesting ZnO does not generate unique catalytic sites for methanol
synthesis, yet increases the rate and selectivity for methanol relative to CO."

Cu, alongside other platinum-group and coinage metals, has a high work function of 4.4-4.9
eV.”! ZnO is a wide-bandgap semiconductor (E, = 3.4 eV), readily n-doped by trace impurities.”
Upon contact, the Cu|ZnO junction forms a Schottky barrier for electrons as the Fermi levels of
the Cu and ZnO align (Figure 1). Crucially, these barriers in real metal-semiconductor (M-S)
systems are influenced by interfacial junction chemistry. Phenomena such as changes to the
metal work function and surface dipoles alter the Schottky barrier, while n-dopant density alters
the depth and extent of the depletion region in the semiconductor (represented by the region
where the bands bend in the Figure 1 diagram).”**

Because these junction parameters set the interfacial electric field that any adsorbate at the Cu|
ZnO boundary experiences, they may be directly important in catalysis. Interfacial fields and
junction effects have been invoked to explain shifts in binding energy and mechanism at Cu|ZnO



and related metal-oxide interfaces,** where dipolar intermediates such as bent CO," and formate

are stabilized or destabilized according to the local field.”*?

Determining the Schottky barriers of the Cu|ZnO junction (via current-voltage and capacitance-
voltage measurements) under gas environments relevant to CO,-to-methanol catalysis thus offers
an indirect probe to the Cu|ZnO junction. Measuring and explaining the evolution of these
Schottky junction parameters under these controlled gas environments is the goal of this work.

Before turning to the data, it is useful to introduce the electrical descriptors used below in the
context of possible catalytic systems. Each parameter relates in part to the strength of the
interfacial field and to how readily electrons cross the Cu|ZnO contact. A rectifying junction
passes current in one direction only; it signifies a Schottky barrier which is associated with a
substantial interface electric potential step and a depletion region at the interface without mobile
electrons in the semiconductor. An ohmic junction passes current in both directions equally well;
it signifies either a lack of band bending and thus a small interfacial electric field, or, in cases
where the n-type doping of the semiconductor is very high (leading to a very thin depletion
region), a charge transfer mechanism based on electron tunneling. A leaky junction is
intermediate: some parts of the interface may have rectifying behavior while other parts may
have different degrees of ohmic behavior that partially short-circuits the electronic barrier.
Because it is the barrier and its associated field that couple to adsorbate dipoles and govern
charge transfer at the Cu|ZnO perimeter, a rectifying-to-ohmic transition is, potentially, a useful
readout that the electrostatic environment of the putative active interface has changed. That
transition, and its reversibility, is what the following experiments measure and which we analyze
in the discussion.
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Figure 1. Probing interfacial chemistry of the Cu|ZnO junction by measuring the Schottky junction
characteristics. (a) Fermi-level alignment and band-bending at an ideal Cu|ZnO junction that results in a Schottky
junction. The key junction parameters are: ¢c,: Cu work function, ¢zn.0: ZnO work function, ¢y: barrier height, yz.0: ZnO
electron affinity, Vi;: built-in potential, E,: bandgap, E..c: vacuum level energy, E.: conduction band energy, E.: valence



band energy, E;: Fermi level energy, wq: depletion width. (b) Hypothetical changes in the Cu|ZnO interface upon

controlled gas exposure (CO,/H./N>) at 50-250 °C.
We fabricated Cu|ZnO devices via e-beam evaporation of an array of disc-shaped Cu thin films
onto a polished Zn-polar (0001) ZnO single crystal. Thermal evaporation of a Ti|Pt layer on the
back of ZnO was used to form an ohmic contact to the entire ZnO crystal. We contacted the Cu
spots and Ti back-contact on these devices using electrical feedthroughs to a custom gas-tight
chamber with gas inlet and outlet ports. These fixtures facilitated measurement of the electrical
characteristics of the Cu|ZnO junction at gas pressures up to 10 bar(a) and temperatures up to
250 °C (details in SI).

The current density-voltage bias (j-V) measurements of the Cu|ZnO junction under ambient N,
(25 °C, 1 bar(a)) verify the expected rectifying Schottky junction (Figure 2). We ascribe the
linear j-V dependence at large forward bias voltage (0.3—0.5 V) to the sum of ohmic drops
through the contact probes, the bulk Cu, the bulk ZnO, Ti and Pt. Subtracting the ohmic loss
from the applied junction potential (Figure S2), we obtain the j-V characteristics of the Cu|ZnO
junction that obey the Shockley diode equation

qv_

j=i(e" -1)  Ea D)

where j is the reverse-bias saturation current, g is the magnitude of elementary charge, k, is the
Boltzmann constant, T is the temperature and n is the diode ideality factor. At forward-bias

k, T
significantly greater than the thermal voltage V' (VT:b—(',, the j-V approximates to the
q

following expressions.
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The reverse-bias saturation current j, originates from thermionic injection of charge carriers to
the ZnO conduction band and thus depends on temperature and the Schottky junction barrier
height ¢, as described in the Richardson equation

j =A% (Eqn. 4)

where j, is the reverse-bias saturation current, A“**‘is the Richardson constant, g is the
magnitude of elementary charge, K, is the Boltzmann constant, T is the temperature and ¢, is the
Schottky barrier height. Because j, depends exponentially on ¢, the junction current is a

sensitive probe of the interface. At 70 °C, where k,T/q ~# 30 mV, a 60 meV change in barrier
height alters the current eightfold. This makes the barrier height a practical quantity to track in
supported-metal catalysts, where the oxide support is often a semiconductor.



The Schottky barrier of an ideal M-S junction is the difference between the metal work function
(in this case, ¢.,) and the electron affinity of the semiconductor (X z.0, the energy difference
between the conduction band and vacuum energy).

‘Pédeal =0cu— Xzo (Eqn. 5)

Both metal work function and semiconductor electron affinity are facet dependent. The ideal
Schottky barrier for a Cu(111)[ZnO(0001) junction is near 1.0 eV (¢¢, = 4.9 €V, X z.,0 = 3.9 eV for
this surface).

The Schottky barrier in real M-S junctions is modified by the presence of surface dipoles,

impurities and dopants at the M-S interface, all collected into an interfacial A [ energy term.

The value of ¢ may be important for supported metal catalyst systems because it is related to
the amount of interfacial charge transfer and interfacial electric fields at equilibrium.

1
Zea :¢CU_XZnO+AJ"(,(, (qul 6)
Furthermore, a polycrystalline M-S interface can be spatially heterogeneous, with several pairs
of metal and semiconductor facets at a real junction — the lowest local Schottky barrier would
dominate the results of j-V measurements in these cases.

At room temperature, we measured the Schottky barrier ¢, , of the Cu|ZnO junction to be 0.40—
0.50 eV. We also determined the diode ideality factor n for the Cu|ZnO devices to be 1.6-1.8,
consistent with a non-ideal diode where only a fraction of the junction voltage contributes to
altering the thermionic injection of carriers into the ZnO conduction band.

The non-ideality of the Cu|ZnO junction extends to its reverse-bias behavior, with the current
magnitude increasing linearly with the applied reverse-bias voltage, instead of converging to the
reverse-bias saturation current. We model this behavior with an explicit junction shunt resistance
R, as a descriptor of the electrical non-ideality of this Schottky junction. The total current
through the Cu|ZnO junction is

j = chhottky + jshunt (Eqn 7)

aVeazmo

J sehorty=Js(e " =1) (Eqn. 8)
o Vs
J shunt— RS 20 (Eqn 9)

shunt

At large negative junction bias, the slope of the j-Veuzo converges to 1/ Ry, . We subtract J g
from the measured current density to isolate the Schottky junction current.**

Beyond junction j-V measurements, AC electrical impedance measurements helped establish the
differential capacitance of the Cu|ZnO junction held at varying reverse-bias potentials. The ZnO
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depletion layer proximate to the Cu|ZnO interface behaves as a uniformly charged dielectric,
with the layer thickness depending on the applied (reverse-bias) voltage across the junction. The
inverse square of the junction differential capacitance is then found to depend linearly on the
reverse-bias junction voltage as illustrated in the Mott-Schottky equation

1 _ 2
Car (V) e.8A%qN,

k, T
(Vbz-—V—T) (Eqn. 10)

where C, is the differential capacitance, €, is the vacuum permittivity, €, is the semiconductor
dielectric constant (€,,, = 8.0) *, A is the junction area, V is the potential applied to the Cu
contact relative to the ZnO ohmic contact (with reverse bias taken as negative), q is the
magnitude of elementary charge, kK, is the Boltzmann constant, T is the temperature, V,; is the
band-bending potential between the bulk ZnO conduction band and the ZnO conduction band at
the Cu|ZnO interface, and N, is the dopant density.

We determined the dopant density of the ZnO from Mott-Schottky measurements of the Cu|ZnO
junction to be 10'*-10" cm™ (Figure S2) and a ZnO conduction band bending (built-in potential,
Vii) between the Cu|ZnO junction and the bulk ZnO to be 0.6-0.9 eV. The dopant density is
consistent with typical n-doping of hydrothermally synthesized ZnO single crystals** and
corresponds to a bulk ZnO Fermi-level - conduction band energy separation ~ 0.15 eV. The
Schottky barrier from capacitance-voltage measurement is thus inferred to be 0.75-1.05 eV,
referred to hereafter as @, cy.

The ZnO depletion width under zero external bias is given by

_ 288 Vy

W, = Eqn. 11
0 N, (Eqn. 11)

where €, is the vacuum permittivity, €, is the semiconductor dielectric constant, q is the
magnitude of elementary charge, k, is the Boltzmann constant, T is the temperature, V,; is the
band-bending potential between the bulk ZnO conduction band and the ZnO conduction band at
the Cu|ZnO interface, and N is the dopant density. We estimate the zero-bias depletion-layer
thickness of 80-200 nm.

These ambient j-V and Cgs-V measurements of the Cu|ZnO junction establish a non-ideal
spatially heterogeneous Cu|ZnO Schottky junction with a benchmark Schottky barrier (¢, ,, =
0.4-0.5 eV and ¢, o, = 0.75-1.05 eV), a bulk ZnO n-dopant density of 10'*~10'® cm™, alongside
methodologies to measure chemically induced changes to the Cu|ZnO junction.

We emphasize the difference in the Schottky barrier height from j-V measurements and junction
capacitance measurements supports the spatial heterogeneity of the Schottky barrier across the
Cu|ZnO junction.”® The j-V measurements reflect the lower range of the distribution of barriers
across the full junction since these regions carry the majority of the total current passed through



the junction. Mott-Schottky analysis offers a weighted average of the Schottky barrier height
since the depletion layer differential capacitance is measured across the entire junction, including
regions with a high local Schottky barrier height that would not carry significant current density
during j-V measurements.

The Cu|ZnO junction remains rectifying when heated under ambient pressure N, or CO,, with
increasing reverse-bias current with increasing temperature (Figure 2a), with no irreversible
changes upon thermal cycling — the Schottky barrier of 0.42 eV and dopant density ~ 4 x10'® cm™
persist. The Cu|ZnO junction becomes ohmic and remains ohmic when heated to 250 °C with
20% H, (diluted in N, or CO,) and cooled to room temperature under the same atmosphere
(Figure 2b and Figure S3). If stored at room temperature under an inert N, atmosphere, the
junction remains ohmic while returning to a rectifying Schottky junction if exposed to air (on a
~24-h timescale, Figure 2d-e). Finally, the Cu|ZnO junction returns to a rectifying Schottky
junction if heated under a H,-free CO, or N, atmosphere (Figure 2c).

The reversible conversion of the Cu|ZnO junction between ohmic and Schottky behavior
provides evidence against persistent bulk Cu—Zn alloying as the dominant origin of the electrical
change, although single-atom or atomic-layer Cu-Zn alloying could still be plausible.** The H,-
exposed Cu|ZnO junction converting to rectifying upon air exposure at room temperature is
consistent with both H- and oxygen-vacancy based doping of ZnO (doubly positively charged,

denoted as V, in the Kroger-Vink notation).
For oxygen-vacancy based doping: H,|g|+O5=V,+H,0 (g l+2e’
o 1 o
For interstitial H atom doping: 5 H,|g|=H;+e

The return of rectification upon heating under N, in the absence of air is consistent with H
doping of ZnO rather than O vacancy formation, as there is no oxygen source present in the
system to fill the vacancies. Thus, air exposure likely provides a stronger thermodynamic driving
force for the removal of mobile dopant H from the ZnO, generating trace water vapor as a
product, instead of surface H—H recombination under air-free conditions.

. 1 |
H de-doping in the absence of O,: H;+e'= §H2 9]

1 , ,
H de-doping in the presence of O.: 502+2H,-+ 2¢'=H,Ol|g|
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Figure 2. ZnO junction n-doping by H, exposure converts from the rectifying Cu|ZnO Schottky junction to an
ohmic junction. In-situ j-V measurements of a representative Cu|ZnO junction at 50 °C intervals between RT and 250 °C
in 0% H, (a), 20% H, (b) and 0% H, (c), diluted in CO, demonstrate thermally reversible n-doping by H up to degenerate
dopant density (>10" cm™®). The ohmic H-doped Cu|ZnO junction recovers to a Schottky barrier at room temperature
when exposed to air (d) but persists if stored under N, (e). H doping with high pressure H, results in an ohmic junction
that is slower in recovering a Schottky barrier (f).

Furthermore, oxygen-vacancy-related states in ZnO are generally deep donors, approximately
1.0 eV below the conduction-band edge, which means they do not contribute much to the free
electron concentration in the conduction band.* Oxygen vacancy concentration (measured via
photoluminescence and EPR) in ZnO samples is also known to increase upon being heated in an
inert O,-free N»/Ar atmosphere,* contrary to our observations of Cu|ZnO Schottky barrier
recovery upon heating in N,.

We note prior work on metal oxides by Frost and coworkers in 1988 * invokes formation of O-
vacancies and the Schottky junction for catalytic methanol synthesis on Cu/ThO, using CO as
the feedstock but no direct junction electrical measurements were reported. CO as a stronger
reductant than H» could also generate O-vacancies in the ZnO where H, does not. Claims of O
vacancies on ZnO and other oxides upon H; exposure supported with XPS measurements tend to
be erroneous, with changes to Ols spectra originating from surface metal hydroxides.*>* We
note that similar results have been found for Pd|ZnO Schottky diodes in the context of H, gas
sensors.” In our case, Cu|ZnO devices annealed at 250 °C with greater H, partial pressure (4
bar(a)) return to a rectifying Schottky junction on a longer timescale, consistent with H doping of
ZnO to a greater depth under the Cu|ZnO junction (Figure 2f).

We deliberately performed subsequent measurements with junctions held at 70 °C to slow the
doping of the ZnO seen at >200 °C so we could capture changes in the Cu|ZnO junction barrier
height, dopant density, etc.



We found exposure to pressurized H, (Py, = 2.75 bar(a)) is essential to doping the Cu|ZnO
junction at 70 °C — low pressure H, exposure (Py, = 0.5 bar(a)) does not convert the Cu|ZnO
junction into an ohmic junction (Figure S5). We describe the conversion of the Schottky junction
to an ohmic junction using the Cu|ZnO junction shunt resistance, described previously. At Py,=
2.75 bar(a), the junction becomes ohmic within 1 h while remaining a leaky Schottky junction
for Py,= 0.5 bar(a). We further note that doping the Cu|ZnO junction from H diluted in CO, was
found to be slower than H, diluted in N, for the same H, partial pressure (Figure 3).

100
] —a—1:1N,-H,
P —e—1:1 COZ—H2} Pu, = 0.5 bar(a)
k= 1 —4—1:1 CO,-H
S 104 11Nt 2} Pu, =2.75 bar(a)
G ] 2~Mo
mﬁ 1
15
T=70°C
0.1 : : : : ;

Time on stream/h

Figure 3. CO; as a diluent for H, gas inhibits H doping of ZnO relative to an inert gas (N.). The junction shunt
resistance determined from j-V measurements of the Cu|ZnO junction describes the transition of the junction from a
rectifying Schottky junction to an ohmic junction. Typical series resistance extracted from forward bias data ranges from
0.1-1 Q.
The surface adsorption and diffusion of H atoms in ZnO at varying temperatures have been
previously explored on single-crystal ZnO samples under ultra-high vacuum conditions, using

plasma and thermally dissociated H atoms. **** We estimate the diffusion coefficient of the H in
ZnO from these prior reports D;=1.2x 10 °cm’s (¢ 1.2 x 102 pm’s ") at 70 °C. Assuming 1D
diffusion of H atoms into the ZnO, the characteristic distance at which the concentration of the
diffusing species reaches 16% of the concentration at the source (i.e. the diffusion length L =
2V(Dst), the depth at which the error-function (erfc) solution to Fick’s second law falls to erfc(1)
~ (.16 of the source concentration), for H diffusion reaches a 100 nm depth in ~0.2 s, and a 1 pm
depth in 21 s.




Combined with the approximate threshold for degenerate dopant density of 10" cm™ (i.e. n-
doping density where the ZnO conduction band-Fermi level gap becomes comparable to thermal
voltage and the Cu|ZnO junction ceases to be a Schottky barrier), bulk H diffusion into the ZnO
is unlikely to limit the rate of H,-driven H-doping of the ZnO. H adsorption on the ZnO surface,
and the transport of surface H to bulk H become the likely processes to govern the overall rate of
Zn0O n-doping by H..

We next looked at the impact of three typical CZA catalyst poisons — alkanethiols,
dichloromethane and water vapor — on H,-gas-driven H-doping of the Cu|ZnO junction. Two of
these — the thiol and the DCM — were chosen as chemically selective toward the Cu surface.
Octadecanethiol emulates the strong adsorption of H,S on metal surfaces and forms a self-
assembled monolayer on copper surfaces,” while DCM chlorinates the surface-accessible Cu to
make a layer of CuCl."* Water vapor is not expected to have a simple Cu-vs-ZnO site selectivity,
with a more complex catalyst poisoning mechanism."

C1s-SH SAMs were grown by immersing the Cu|ZnO single crystal devices in a 10 mM C3-SH
solution in toluene for 12 h. The formation of the SAM was verified by contact angle
measurements (Figure S4). These thiol-coated devices were exposed to a maximum temperature
of 70 °C to avoid damage to the thiol SAM, and the presence of the SAM was verified by contact

angle measurement after thermal cycling. Upon H, exposure at 70 °C (Py, = 0.5 bar(a)), the
barrier height ¢, ,, decreases while the dopant density N, increases, just as with the untreated
Cu|ZnO junction (Figure 4b).

Similarly, the Cu|ZnO junction was pre-treated with DCM vapor (Ppcy = 0.13 kPa) in N, at 200
°C for 1 h. Surface Cu is known to react and form CuCl under these conditions.' We found H.-
driven H doping on the DCM-treated Cu|ZnO device also continued with large losses to the

apparent ¢;, jy.

Exposure to water, introduced to the measurement chamber via a stream of 1:1 N»-H, humidified
through water held at 40 °C (Ppu,0 = 7.3 kPa), was far more significant in arresting H-doping of
the ZnO as shown by lack of significant changes in both ¢, and N;s when humidity was present
(Figure 4b).
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Figure 4. Water vapor, but not thiol or DCM surface treatment, suppresses H-doping of ZnO. (a) Cu|ZnO junction devices
were exposed to DCM, octadecanethiol and water vapor. Junctions were exposed to DCM and octadecanethiol ex-situ, while

water vapor was co-fed with H. diluted in N, or CO, (P y, = 0.5 bar(a), Py,o = 7.3 kPa). (b) Change in ZnO dopant density and
in Schottky barrier height for each surface-modified sample after 7 h of exposure to the respective diluted H, gas stream at 70 °C.

Black symbols (left axis) give Nagina/Na,nia, the ratio of the dopant density determined by Mott-Schottky analysis after exposure
to that determined on the same device before exposure; a ratio of one (dash-dot line) indicates no net doping change. Blue
symbols (right axis) give @ fina — @s,iniiat, the corresponding change in the j-V Schottky barrier height in volts; a value of 0 (dotted
line) indicates no change in barrier height. Dopant density is unaltered or decreases under humid H; in both N, and CO; diluents,
whereas the dry, thiol-treated and DCM-treated junctions all show net n-doping accompanied by a loss in barrier height.

We measured the n-doping of ZnO upon exposure to CO,, N, and H, gas at 50-200 °C and found
the changes to the junction electronic properties to be most consistent with n-doping of the ZnO
by H, dissociation and H diffusion into the ZnO. H is a shallow n-donor (i.e. that easily thermally
generates free electrons) for ZnO.* The j-V data is inconsistent with bulk Cu-Zn alloying, which
would not be expected to be reversible. We estimate the diffusion coefficient of Zn metal in Cu-
Zn brass from prior ®Zn radiotracer measurements to be D,,=7.0x10°>A®s™" at 250 °C and
3.1x10 "°A%*s™" at 20 °C.* Assuming 1D diffusion of Zn metal from the Cu|ZnO junction into
the Cu metal, we calculate the characteristic diffusion length L,, ~ 15.6 nm over 24 h. Upon

cooling to room temperature, this inter-diffused Zn in Cu would be effectively frozen, with
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characteristic diffusion length for back-diffusion ~ 3.3 x 10~ °nm over 24 h. Recovery of Schottky
diode junction on 24-h timescale thus renders bulk Cu-Zn alloy formation unlikely.

Recovery of degenerate-doped ohmic Cu|ZnO junctions to a rectifying Schottky junction upon
annealing at >200 °C under N, and CO, without O, exposure is also inconsistent with oxygen
vacancies being the dopant. H, exposure at 250 °C led to rapid degenerate ZnO n-doping, so
junction j-V and capacitance measurements at 70 °C were performed to resolve changes to the
Schottky barrier height and dopant density. Co-feeding H, with CO, led to slower H doping than
when N, was co-fed with H, to the Cu|ZnO junction, presumably due to slower H, dissociation
and/or H insertion kinetics when CO, was adsorbed on the surface. Among the three CZA
poisons introduced to the Cu|ZnO junction, water vapor inhibited ZnO H doping, while junction
treatment with Cis-SH and CH,Cl,, both intended to block H adsorption on Cu, had much less
impact on H doping of the ZnO.

While the increase in dopant density in ZnO is readily explained by H doping, the precise
chemical origin of the change in the Cu|ZnO barrier height is more difficult to assign. Adsorbed
H is known to lower the work function of Pt(111), by ~0.23 eV,“ and hydrogen-induced changes
in metal work function or interfacial dipole have been invoked to explain the loss of rectification
and apparent Schottky-barrier lowering of Pt/ZnO* and Pd/ZnO* hydrogen sensors. Given the
high diffusivity of H in ZnO,* * dissociated H is likely to be present at the Cu|ZnO interface
under H, fed conditions. Such interfacial H very likely modifies the Cu|ZnO energy-level
alignment through a change in the interfacial dipole, thereby lowering the Schottky barrier. For
example, hydrogenation could transform an initially O-rich Cu—O-Zn interfacial motif into a
Cu-H---HO-Zn configuration or related hydrogenated structure. Proving the presence of
interfacial H is difficult and beyond the scope of this study. Recent work by Christensen and
coworkers, however, measured H uptake by Cu-ZnO-Al,O; treated under H, atmosphere and
found substantial H absorption (up to 0.0407 moly/molz.o), scaling linearly with the surface area
of Cu-ZnO interface across ZnO, Cu-ZnO and Cu-ZnO-Al,05.*

While noting the strong diagnostic inferences drawn from these junction electrical measurements
at the model Cu|ZnO(0001) junction, we did not measure the rate of CO, hydrogenation
catalyzed by this macroscopic Cu|ZnO junction as it lacks the requisite surface area to produce
methanol or CO that would be measurable with a typical gas chromatograph.

We note the typical activation of CZA catalysts involves reduction of a CuO-ZnO-Al,Os
composite under a H, stream to yield Cu nanoparticles. The resulting ZnO could be n-doped by
Al, and p-doped by Cu. Combined with high water, CO,, CO and H, partial pressures, it is not
immediately evident if the Cu|ZnO junction for an operating catalyst would possess a Schottky
barrier. We note recent use of microwave cavity perturbation technique (MCPT) to measure the
microwave absorption-dissipation-reflection by a CZA pellet in CO,-H, atmospheres at 230 °C.*
The sample effective dielectric constant decreased upon activation (reduction under H,) of Cu-
Zn0O-Al,O;. Subsequent cyclic exposure of the CZA pellet to gas feeds with high CO,
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concentration increased the sample effective dielectric constant, while greater H, concentration
lowered the apparent dielectric constant, consistent with H-doping of the ZnO increasing the
bulk electron conductivity and lowering particle-particle resistances. This previous work is thus
consistent with our own data and interpretation indicating both H insertion into ZnO and doping,
and a lowering of the interfacial barrier height with Cu.

Probing the electrical characteristics of a Cu|ZnO system with an interpenetrating porous Cu|ZnO
network could enable simultaneous measurement of CO, hydrogenation products and would be
desirable to correlate changes to junction characteristics to relevant changes to catalysis.
Analysis of porous junctions, however, would be far more complex due to junction heterogeneity
and ambiguous interfacial area. This work with the simple model Cu|ZnO single-crystal junction
helps build towards that more complex experiment by establishing methods and benchmarking
the Cu|ZnO junction under controlled gas environments at 50-250 °C.

More broadly, ideas around Schottky junctions being catalytic sites for thermocatalytic reactions,
and the notion of tuning catalysis rates and selectivity via controlled junction bias have existed
since at least the 1980s. Electrical monitoring of catalyst state during gas-phase turnover has
precedent in catalytic-gate metal-oxide-semiconductor (MOS) and metal-insulator-
semiconductor (MIS) devices.”' In early Pd-MOS studies, reaction-induced capacitance—voltage
shifts were used to monitor hydrogen populations during Pd-catalyzed H, oxidation, while later
catalytic-gate SiC devices related current—voltage or capacitance—voltage changes to reactions
occurring in CO-, hydrocarbon-, NHs-, and O,-containing gas mixtures.>” In these devices and
similar devices looking at chemical reaction induced electrical current (chemicurrent) by the
McFarland and Somorjai groups, **® however, the electrical response primarily transduced
adsorbate-induced work-function or buried-interface dipole changes. Operando extraction of the
transport parameters of a directly exposed catalyst—support metal|semiconductor junction,
coupled to simultaneous product analysis, remains largely unexplored.
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