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ABSTRACT: A new strategy of using forward gradient self-doping to improve the charge separation efficiency in metal
oxide photoelectrodes is proposed. Gradient self-doped CuBi,O, photocathodes are prepared with forward and reverse
gradients in copper vacancies using a two-step, diffusion-assisted spray pyrolysis process. Decreasing the Cu/Bi ratio of
the CuBi,O, photocathodes introduces Cu vacancies that increase the carrier (hole) concentration and lowers the Fermi
level, as evidenced by a shift in the flat-band toward more positive potentials. Thus a gradient in Cu vacancies leads to an
internal electric-field within CuBi,O,, which can facilitate charge separation. Compared to homogeneous CuBi,O, photo-
cathodes, CuBi,O, photocathodes with a forward gradient show highly improved charge separation efficiency and en-
hanced photoelectrochemical performance for reduction reactions, while CuBi,O, photocathodes with a reverse gradient
show significantly reduced charge separation efficiency and photoelectrochemical performance. The CuBi,O, photocath-
odes with a forward gradient produce record AM 1.5 photocurrent densities for CuBi,O,up to -2.5 mA/cm* at 0.6 V vs.
RHE with H,O, as an electron scavenger and they show a charge separation efficiency of 34 % for 550 nm light. The gradi-
ent self-doping accomplishes this without the introduction of external dopants and therefore the tetragonal crystal struc-
ture and carrier mobility of CuBi,O,are maintained. Lastly, forward gradient self-doped CuBi,O, photocathodes are pro-
tected with a CdS/TiO, heterojunction and coated with Pt as an electrocatalyst. These photocathodes demonstrate photo-
current densities on the order of -1.0 mA/cm® at 0.0 V vs. RHE and evolve hydrogen with a faradaic efficiency of ~g1 %.

INTRODUCTION

CuBi,0,, a p-type semiconductor, has attracted attention as a photocathode material for solar water splitting
due to its attractive material properties. First, it has a suitable band gap in the range of 1.5-1.8 eV so it can utilize
a significant portion of the visible light from the solar spectrum.” Second, its conduction band is located at a
more negative potential than the reduction potential of H*/H,, allowing for solar H, production.>” Third, its va-
lence band lies at more positive potentials than that of other photocathode materials, such as Cu-based metal
oxides, p-Si, and p-GaP, and it shows an unusually positive photocurrent onset potential near +1 V vs. RHE. This
implies that the material is able to generate a relatively large internal photovoltage.? Theoretically, CuBi,O, can
generate a maximum AMz1.5 photocurrent density of 19.7-29.0 mA/cm?, assuming all photons with energies high-
er than the bandgap are absorbed and utilized with 100 % efficiency.® However, the experimental photocurrent
densities reported so far have been well below this theoretical maximum."™ ® Our recent work demonstrated that
the photoelectrochemical (PEC) performance is largely limited by poor charge separation and transport in the
bulk of the material as well as photo-corrosion in aqueous solutions.*

One way to improve the charge separation of a semiconductor material is to create a built-in electric field. This
is commonly accomplished by using a heterojunction, in which direct contact between two different semicon-
ductors results in a re-distribution of charge carriers and, therefore, band bending within the depletion region.
To create an effective heterojunction, specific constraints must be met. The two semiconductors must have suit-
ably aligned energy levels, and they must be synthesized in a manner that results in good interfacial contact™™.
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Specifically, the formation of defects at the interface needs to be avoided, as this can lead to high level of recom-
bination®.

An alternative approach to creating an internal electric field is by using a homojunction, in which the same
semiconductors with equal bandgaps but different doping levels are placed in contact. A p-n silicon solar cell is
an example of a homojunction photovoltaic device. Photoelectrodes can also be synthesized as homojunctions.
For example, it has been demonstrated that W : BiVO4 photoanodes with a gradient in the W doping level pos-
sess an internal electric field, which significantly enhances the charge separation efficiency'. Compared to het-
erojunctions, homojunctions are usually easier to prepare since they only require a single semiconductor materi-
al. However, one limitation of gradient doped homojunctions is that the addition of an external dopant can cre-
ate recombination centers and decrease the charge carrier mobility and lifetime. It has been demonstrated this
in some detail for W doped BiVO," . Moreover, the external dopant can add to the complexity of the synthesis
process.

In this work, we show a new approach for creating effective homojunctions within photoelectrodes composed
of multinary metal oxides like CuBi,O, without the addition of an external dopant. According to DFT calcula-
tions,’ CuBi,O, has a conduction band (CB) and valence band (VB) arising primarily from the Cu 3d and O 2p
orbitals, respectively. Copper vacancies (denoted as V¢;,) are the energetically most probable defects in CuBi,O,.
These native defects are presumably charge-compensated by free holes, which shift the Fermi level closer to the
valence band and cause the p-type behavior of CuBi,O,. This suggests that the Fermi level energy of CuBi,O, can
be tailored by varying the concentration of V{;,. We have taken advantage of this principle and developed a syn-
thesis procedure that results in a V¢, gradient within CuBi,O, and hence a gradient in the Fermi level and a built-
in electric field without the introduction of an external dopant. CuBi,O, photocathodes synthesized with a for-
ward gradient (i.e., Cu/Bi atomic ratio gradually increasing from the substrate to the surface of the film) show
significantly enhanced charge separation efficiency compared to photocathodes without a gradient or a reverse
gradient. To the best of our knowledge, this concept of using gradient self-doping to create an internal electric
field in a multinary metal oxide photoelectrode has not previously been reported.

Lastly, we address the limitation of photo-corrosion by depositing a CdS/TiO, heterojunction layer on top of
the forward gradient CuBi,O, photocathodes along with Pt as an electrocatalyst. This dramatically improves the
stability of the CuBi,O, photocathodes in aqueous electrolyte. In addition photoelectrochemical H, production is
confirmed.

RESULTS AND DISCUSSION

Photoelectrochemical performance and optical properties

Figure 1a shows a chopped linear sweep voltammetry (LSV) scan for three different CuBi,O, photocathodes
synthesized with a uniform CuBi,O,composition (homogeneous) or with gradient self-doping (forward and re-
verse). H,O, was added to the electrolyte as an electron scavenger to test the CuBi,O, photocathodes without
limitations in the reaction kinetics, which would be the case for proton reduction. The homogeneous CuBi,O,
photocathodes were prepared using our previously reported recipe,* while the gradient self-doped CuBi,O, pho-
tocathodes were fabricated using a two-step diffusion-assisted spray pyrolysis process. Briefly, photocathodes
with a forward gradient were prepared by first spraying the Bi precursor solution onto heated FTO (F: SnO,)
substrates, followed by spraying of the Cu precursor solution. For the reverse gradients, the spray order was re-
versed. The high mobility of the Cu atoms resulted in rapid diffusion and the formation of crystalline CuBi,O,
films (vide infra). More details on the synthesis can be found in the experimental section.
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Figure 1. (a) chopped LSV scans for CuBi,O, photocathodes synthesized to a thickness of ~ 270 nm with uniform composition (homogeneous) or with gradient self-
doping (forward and reverse) (b) Average photocurrent densities at 0.6 V vs. RHE as a function of film thickness extracted from LSV scans (see Figure S1 for LSV
scans). The measurements were performed in 0.3 M K,SO, and 0.2 M phosphate buffer (pH 6.65) with H.O, under back illumination.

For Figure 1a, all three photocathodes were synthesized to a CuBi,O, thickness of ~ 270 nm. Clearly, the CuBi,O,
photocathode with the forward gradient shows a higher photocurrent than both the homogeneous and reverse
gradient photocathode. This remains true for a wide range of CuBi,O, film thicknesses, as illustrated in Figure 1b
where the photocurrent densities at 0.6 Vvs. RHE were extracted from LSV measurements and plotted as a func-
tion of the CuBi,O, film thickness. CuBi,O, photocathodes with a reverse gradient were only tested at one thick-
ness but produced substantially lower photocurrent than the other photocathodes. At 0.6 Vvs. RHE the ~270 nm
CuBi,O, photocathodes with the forward gradient produce an average photocurrent density of -2.5 mA/cm?
which is 25 % higher than the -2.0 mA/cm”of the homogeneous CuBi,O, photocathodes, and establishes a new
benchmark for this material.** %" For the forward gradient film, back illumination produces higher photocur-
rent than front-side illumination, as shown in Figure S2.
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Figure 2. (a) APCE spectra for different CuBi,O, photocathodes along with the AM 1.5 irradiance spectrum, (b) Absorption spectra for different CuBi,O, films, each
has a thickness of ~ 270 nm.

The quantum efficiency of each CuBi,O, photocathode was determined by measuring the incident photon-to-
current efficiency (IPCE) and absorbed photon-to-current efficiency (APCE). Figure 2a shows the APCE spectra
for each photocathode measured at 0.6 Vvs. RHE under back illumination. For the most intense region of the
AM 1.5 solar spectrum, 390 to 8oo nm, the CuBi,O, photocathode with a forward gradient shows significantly
higher APCE than the homogeneous CuBi,O, photocathode, which is consistent with the overall PEC perfor-
mance. In contrast, the CuBi,O, photocathode with a reverse gradient exhibits a significantly lower APCE than
the homogeneous CuBi,O, photocathode for wavelengths above 420 nm. The APCE values were calculated using
the IPCE data in Figures S3, S4, and S5 and the absorptance spectra shown in Figure 2b. No significant difference
in absorptance was observed among the different CuBi,O, films. In fact the CuBi,O, photocathode with a for-
ward gradient shows slightly lower absorptance than the homogeneous CuBi,O, photocathode. This proves that
the higher IPCE for the forward gradient CuBi,O, is not due to differences in the absorptance of the sample.
Since the IPCE/APCE measurements were also done in the presence of H,O,, the injection efficiency can be as-
sumed to be 100 % and, therefore, the APCE represents the charge separation efficiency. At 550 nm, the APCE
values are 34 %, 22 % and 9 % for the forward gradient, homogeneous, and reverse gradient CuBi,O, photocath-
odes, respectively. Thus, the forward gradient indeed improves the charge separation efficiency while the reverse
gradient impedes it. For short wavelengths (=420 nm), the APCEs of homogeneous and reverse gradient films are
actually higher than that of the forward gradient films. One possible explanation for this is that the higher ener-
gy, shorter wavelength photons generate more electron-hole pairs near the FTO/CuBi,0, interface (due to the
high absorption coefficient). For the forward gradient films, this region has a higher concentration of Cu vacan-
cies (vide infra) and consequently a higher recombination rate. Whereas electron-hole pairs generated further
into the CuBi,0, film by lower energy light are more efficiently separated by the internal electric-field.

We note that when H,O, is used as an electron scavenger for photoelectrochemical tests, current doubling is
possible. To try to exclude the possibility of current doubling we tested the CuBi,O, photocathodes in other
kinetically facile redox couples as well, including FeCl,/FeCl, (Fe**/Fe*") and Nal/lL, (3I'/L,") in acetonitrile. Unfor-
tunately, FeCl,/FeCl, resulted in extremely high dark currents at potentials more negative than 0.6 V vs. NHE
(Figure S6) and Nal/I, produced large transient spikes in the photocurrent (Figure S7), presumably due to re-
combination or back reactions at the photocathode surface.®" We therefore conclude that FeCl,/FeCl, and
Nal/L, were not effective electron scavengers for our CuBi,O,. In our previous study we tested homogeneous
CuBi,O, photocathodes in KOH with O, bubbling as an electron scavenger; however O, also has the possibility of
current doubling at low light intensities and transient spikes in photocurrent were observed.* > Of all the elec-
tron scavengers that we tested, H,O, was the only one that completely eliminated the transient spikes in photo-
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current and prevented high dark current thereby allowing us to probe the charge separation efficiency within the
CuBi,O, films.

Crystal structure and electronic properties

To check the crystal structure and phase composition of the different CuBi,O, films, X-ray diffraction (XRD)
and Raman analysis were performed. Figure 3a shows the X-ray diffractograms of the forward gradient, homoge-
neous, and reverse gradient CuBi,O, films on FTO substrates. The JCPDS reference pattern for SnO, (PDF # oo-
046-1088) is indicated with green bars and tetragonal CuBi,O, (PDF # 42-0334) is indicated with pink bars. All
CuBi,0, films show strong peaks at 20.88 °, 28.01 °, and 46.7 °, which can be assigned to the (200), (211), and (411)
lattice planes of tetragonal CuBi,O,, respectively. For the homogeneous and forward gradient CuBi,O, films, two
additional peaks are visible at 35.44 ° and 38.68 °. These two peaks can be assigned to the (002) and (111) reflexes
of monoclinic CuO (PDF# 48-1548), respectively. This may arise due to premature thermal decomposition of
Cu(NO;),*3H,0 in the precursor solution to CuO, which can occur at temperatures as low as 310 °C.* The pres-
ence of Bi,O; was not revealed by the XRD data in Figure 3a. However, we cannot exclude the possibility that the
Bi,O, peaks are obscured due to the strong similarity of the diffractograms of Bi,O, and CuBi,O,, or to the ab-
sence of long-range order in an amorphous or nanocrystalline Bi,O; phase that has segregated at the grain
boundaries. Scherrer analysis of the XRD patterns reveals that the CuBi,0, films with forward and reverse gradi-
ents have similar crystallite sizes of 35.7 nm and 38.2 nm respectively (see Figures S8 and S9).

Figure 3b shows the Raman spectrums of the different CuBi,O, samples. The main Raman bands for CuBi,O,
centered at 126, 261, 405, and 577 cm™ were observed for all films. The assignment of these bands can be found in
the literature.”* The existence of CuO was also confirmed by the appearance of two additional peaks at ~296
and 344 cm”, which correspond to the A, and B, vibration modes of CuO, respectively.**No Raman peaks for
Bi,O; are observed, which is consistent with the XRD results.
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Figure 3. (a) XRD diffractograms and (b) Raman spectrums for forward gradient, homogeneous, and reverse gradient CuBi,O, photocathodes with a thickness of ~
270 nm.



The CuBi,O, film morphologies and elemental composition were characterized using scanning electron micros-
copy (SEM) along with energy dispersive X-ray (EDX) spectroscopy. Figures 4a, 4b, and 4c show cross-sectional
SEM images of the forward gradient, homogeneous, and reverse gradient CuBi,O, thin films, respectively. As
previously reported the homogeneous CuBi,O, film has a highly dense and compact morphology.* The forward
gradient film has a less uniform morphology due to the bottom layer of larger Bi-rich particles being coated with
smaller Cu-rich particles. The reverse gradient film shows the opposite with a thin Cu-rich bottom layer being
covered by larger, asymmetrical Bi-rich particles. This was confirmed by EDX mapping of the cross-sections,
which is described below. The porosity, particle size, and surface roughness of thin film photoelectrodes are
known to influence the charge carrier transport.” For instance, a higher porosity allows electrolyte to penetrate
deeper into the film making it easier for the minority charge carriers to reach the electrolyte. In order to quantify
the surface roughness, atomic force microscopy (AFM) was performed on homogeneous and forward gradient,
homogeneous, and reverse gradient films, as shown in Figure Sio. The reverse gradient showed the highest sur-
face roughness but the lowest photocurrent density by a significant amount, so the specific surface area of the
film is not the main determinant in photoactivity. This is as expected, since we avoided any kinetic limitations in
the electrochemical reaction by adding H,O, as an electron scavenger.
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Figure 4. SEM images of ~ 270 nm CuBi,O, thin films (a) with forward gradient, (b) without gradient (homogeneous), and (c) with reverse gradient.

Figure 5 shows a cross-section SEM image of a forward gradient CuBi,O, photocathode with EDX mapping
overlaid. The elements Sn, Cu, and Bi are indicated by the colors yellow, red, and cyan respectively. From the
EDX mapping it is clear that the top of the film has a higher Cu concentration while the Bi concentration is
higher next to the FTO.
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Figure 5. (a) SEM image with EDX mapping overlaid, (b) Sn distribution, (c) Cu distribution, (d) Bi distribution, and (e) linear scan of each elemental distribution in
the direction of the green arrow for a forward gradient CuBi,O, photocathode.

A linear scan of the EDX mapping was performed in the direction indicated by the green arrow in Figure 5a and
the element count was plotted in Figure se. This confirms that a gradient in the Cu/Bi ratio is truly present with-
in the forward gradient CuBi,O, photocathode. EDX mapping was also used to verify a gradient in the Cu/Bi
ratio in the opposite direction for the reverse gradient photocathode (see Figure Su1). Although not as obvious as
in the forward gradient film, the Cu/Bi ratio at the surface of the reverse gradient film is clearly lower than the
Cu/Bi ratio deeper in the film. This is probably due to the different film formation mechanisms. In the forward
gradient, copper is deposited on Bi,O, which can be seen as host structure for the small copper ions. In this case
the film does not go through dramatic structural and morphological changes. In the reverse gradient, the origi-
nal CuO needs to be breaken down in order to form CuBi,O,.(from Karim)

In order to investigate how the Cu/Bi ratio affects the Fermi level and valence band edge of CuBi,O,, we pre-
pared homogeneous CuBi,O, films with different stoichiometries using our previously reported optimized spray
pyrolysis recipe.* The stoichiometries were (a) Cu/Bi = 1/3, Cu-deficient CuBi,O,, (b) Cu/Bi = 1/2, stoichiometric
CuBi,0O,, and (c) Cu/Bi = 1/ 1, Cu-rich CuBi,O,. XRD measurements confirmed that the tetragonal crystal struc-
ture was maintained even for

Table 1. Summary of the ¢g, and N, for ~270 nm CuBi, 0, films with different Cu/Bi ratios.

CuBi,0, film Cu/Bi ratio O Na

(Vvs. RHE) (cm™)
Cu-deficient CuBi,O, 1/3 1.25 % 0.02 ~7.3x10"
Stoichiometric CuBi,O, 1/2 1.21 + 0.01 ~7.6><1018
Cu-rich CuBi,O, 11 1.09 + 0.02 ~6.9x10'




the non-stoichiometric CuBi,O, films, as shown in Figure Si2. The surface area of each film was estimated by
atomic force microscopy (AFM) and Mott-Schottky measurements were performed as shown in Figures S13, Si4,
and Si15. Dark cyclic voltammetry tests were carried out in the same potential range as Mott-Schottky measure-
ments to confirm that corrosion did not occur. As shown in Figure S16, no cathodic current was observed in this
potential range, indicating no reduction of Cu®". The flat-band potential (¢g) was determined from the extrapo-
lated x-axis intercepts of Mott-Schottky plots and the acceptor density (Na) was calculated from the slopes. The
results are summarized in Table 1 and show that when the Cu/Bi ratio decreases, the ¢, shifts to more positive
potentials. This means that the Fermi level shifts toward the valence band edge (Figure. 6a). This is consistent
with our assumption that Cu vacancies are charge-compensated by free holes, and that the Fermi level can be
tailored simply by controlling the concentration of Cu vacancies, [V¢,].
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Figure 6. (a) flat-band potential of homogeneous CuBi,O, films with different stoichiometries, (b) the formation of a CuBi,O, homojunction when brought in to
contact, (c) the formation of CuBi,O, with forward gradient.

Figure 6 illustrates how a gradient in [V{,] and the resulting gradient in the Fermi level leads to an internal
electric field. Before contact, CuBi,O, films with different Cu/Bi ratios will possess different Fermi levels as
shown in Figure 6a. After contact, the Fermi levels will equilibrate by distributing the free carriers between the
different regions, so that the CB and VB bend at each interface as illustrated by Figure 6b. A forward gradient
CuBi,O, photocathode will contain the band bending shown in Figure 6¢, which would promote charge separa-
tion by field-enhanced diffusion (drift) of the photo-generated electrons towards the CuBi,O,-electrolyte inter-
face and drift of photo-generated holes towards the back contact.
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The carrier transport and recombination properties of the different CuBi,O, films were investigated using time
resolved microwave conductivity (TRMC) measurements. The TRMC signal decays for a forward gradient, ho-
mogeneous, and reverse gradient are shown in Figure 7.
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Figure 7. TRMC signal for ~270 nm CuBi,O, films deposited on quartz substrates (a) with a forward gradient, (b) without a gradient (homogeneous), and (c) with a
reverse gradient.

The charge carrier mobilities (1) were extracted from the peak TRMC signals (¢Zpima), while the charge carrier
lifetimes were deduced from the decay of the curve. All three curves showed two distinct time constants, T,
and t,. The corresponding diffusion lengths were calculated from the charge carrier mobilities and lifetimes.
These values are summarized in Table 2, details of the fitting can be found in Figure S17 and Table S1.

Table 2. Summary of the charge carrier mobility, ¢Zpm.., time constants, 1; and 7, , and the corresponding diffu-
sion lengths, Lp, and Lp,. The error estimates reflect the spread in the measured values for different samples.

CuBi204 film Obmax g T Lo, Lps
(103%cm*V's™) (ns) (ns) (nm) (nm)
Forward gradient 93+2.2 20.2 +3.6 142.6 + 5.5 20.6 £ 0.2 60.0 + 2.5
Homogeneous 4.6 0.7 22.7+ 0.7 153.0 £10.4 16.3+0.3 42.4 15
Reverse gradient 3.6 0.8 35.0 1.3 237.2+63 16.9 £ 1.5 43.9 3.5

The p values for the various CuBi,0, films were all of the same order of magnitude at 0.007, 0.005, and 0.003
cm”V's™ for the forward gradient, homogeneous, and reverse gradient films respectively. This result for self-
doping is in sharp contrast to the significant decrease (20 times) in mobility observed when W was incorporated
into BiVO, as an external dopant.® Similar to CuBi,0, films synthesized by drop-casting,? the CuBi,O, films
synthesized by spray-pyrolysis for this study show two different lifetimes and corresponding diffusion lengths.
The Lp,/Lp, values are 21 nm/60 nm, 16 nm/42 nm, and 17 nm/44 nm for the forward gradient, homogeneous, and
reverse gradient films, respectively.

The charge carrier diffusion length is a key parameter in determining the PEC performance of a material. In-
deed the forward gradient CuBi,O, film shows the longest charge carrier diffusion lengths and the highest photo-
current density (see Figure 1). However the charge carrier diffusion lengths for the forward gradient film are only
1.3 to 1.5 times larger than those for the reverse gradient films while the photocurrent density is 5 times larger.
From this, we conclude that the observed improvement in photoactivity is mainly due to the internal band bend-
ing induced by the forward gradient in [V{,,].

We finally note that although the Cu sub-stoichiometry in our films can be used as a proxy for [V{;,] (since Cu
vancancies are known to be the dominant defects in CuBi,O,), direct observation of a gradient in [V, ] would
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allow one to further quantify the relationship between these defects and the photoactivity of the material. Cu
vacancies can be directly observed with a technique like positron annihiliation spectroscopy. Showing the pres-
ence of a [V{,] gradient across the thickness of a CuBi,O, film, however, would pose a significant experimental
challenge.

Photoelectrochemical stability and H, production

Ultimately, the goal is to utilize CuBi,O, as a material for solar water splitting, so the forward gradient CuBi,O,
photocathodes should be tested under water splitting conditions without an electron scavenger. Unfortunately
many Cu-based metal oxides, including Cu,O, CuO, and CuBi,O,, are highly susceptible to photo-corrosion
when illuminated in aqueous solutions.*® This is also the case for our forward gradient CuBi,O, films, as con-
firmed by the chopped LSV scan performed in pH neutral electrolyte with Ar bubbling, which is shown in Fig-
ure S18. At potentials more negative than 0.4 V vs. RHE the CuBi,O, photocathode shows a rapid increase in dark

current due to electrochemical corrosion. Based on previous reports, the Cu™ in CuBi,O, is most likely reduced
to Cu"and Cu.**

One recently developed strategy for preventing photo-corrosion in photoelectrodes is the application of protec-
tion layers such as TiO,, which can be deposited conformally using atomic layer deposition (ALD).*”* Recently,
CuO photocathodes were effectively protected by first adding a layer of CdS using chemical bath deposition fol-
lowed by ALD of TiO, and photo-electrochemical deposition of Pt as an electrocatalyst.?® The resulting
CuO/CdS/TiO,/Pt heterojunction photocathodes produced photocurrent densities greater than -1 mA/cm” at
0.0 V vs. RHE with a Faradaic efficiency of nearly 100 % for H, production. Here we adopt this CdS/TiO, hetero-
junction strategy to the forward gradient CuBi,O, photocathodes to assess their ability to produce hydrogen.
Figure S19 shows the cross section SEM image of the forward gradient CuBi,0,/CdS/TiO,/Pt photocathode.

Figure 8a shows the chopped LSV for the forward gradient CuBi,O,/CdS/TiO,/Pt photocathode. In contrast to
the bare CuBi,O, photocathode (Figure S18) the protected CuBi,0,/CdS/TiO,/Pt photocathode (Figure 8a) shows
nearly complete suppression of the dark current all the way down to the proton reduction potential of 0.0 V vs.
RHE. This means the CdS/TiO,/Pt successfully protects the CuBi,O, from fast corrosion. At 0.0V vs. RHE the
photocurrent density approaches -1.0 mA/cm™
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Figure 8. (a) Chopped LSV for a forward gradient CuBi,O,/CdS/TiO,/Pt photocathode, and (b) Constant potential measurements for an unprotected CuBi,O, photo-
cathode at 0.6 V vs. RHE (red line) and a forward gradient CuBi,O,/CdS/TiO,/Pt photocathode at 0.0 V vs. RHE (blue line). Measurements were done in 0.3 M K,SO,
and 0.2 M phosphate buffer (pH 6.65) with N, bubbling under front (CuBi,O,/CdS/TiO,/Pt) and back (CuBi,O,) illumination.

To further assess the stability of the bare CuBi,O,and protected CuBi,0,/CdS/TiO.,/Pt photocathodes, and to
prove H, production, their photocurrent densities were measured in pH neutral electrolyte with N, bubbling at
a constant potential for several hours under periodically chopped illumination, as shown in Figure 8b. Even at a
relatively positive potential of 0.6 V vs. RHE, the unprotected CuBi,O, photocathode corrodes very fast, as indi-
cated by the immediate decay of the red line and a decrease of 89 % in photocurrent density within 1 h. In con-
trast, the CuBi,0,/CdS/TiO,/Pt shows much improved stability, extending the lifetime of the photocathode from
a few minutes to several hours. A significant portion of the decay is most likely due to gradual delamination of
the Pt electrocatalyst instead of actual photocorrosion.* To test this, the photocathode was re-platinized briefly
(5 min.) after 3 hours of operation, after which the photocurrent density was restored to more than half its initial
value. These encouraging first results suggest that the forward gradient CuBi,O, photocathodes can be further
stabilized by optimizing the coverage of the protection layer and adhesion of the electrocatalyst.

We integrated the photocurrent density of the CuBi,0,/CdS/TiO,/Pt photocathode over time to obtain the to-
tal charge that was passed -3601 mC/cm” for the blue curve of Figure 8b). The obtained value is over 10 times
larger than the total charge needed to reduce all cations including Cu*, Bi**, Cd**, and Ti*" in the composite pho-
tocathode (-471 mC/cm?). Thus, at least 87 % of the photocurrent density went towards another photo-reduction
reaction, most likely proton reduction. Furthermore, gas bubbles were visually observed on the photocathode
surface during the measurement, as shown in Figure S20. In order to measure H, directly and calculate the Fara-
daic efficiency, differential electrochemical mass spectrometry (DEMS) measurements were performed on the
CuBi,0,/CdS/TiO,/Pt photocathode. As shown in Figure S21, the current density and H, signal from the DEMS
are well matched with the onset in H, production occurring around 0.4V vs. RHE. When the
CuBi,0,/CdS/TiO,/Pt photocathode was tested at a constant potential of 0.0 V vs. RHE for 1 h, it maintained a H,
signal and a current signal of 0.030 nA and -62 pA, respectively, as shown in Figure Sz22. To calibrate the PEC cell
the H, signal was measured vs. current for a Pt sheet as shown in Figure S23). Using equation (8) from the Exper-
imental Section, this corresponds to a Faradaic efficiency (Ngawadaic) of 91 % for the H, evolution reaction.

CONCLUSIONS

We designed a simple two-step, diffusion-assisted spray pyrolysis process to introduce a concentration gradient
of Cu vacancies in CuBi,O,. These vacancies act as acceptor dopants, and the resulting doping profile introduces
an electric field (band bending) in the CuBi,O, that significantly enhances the separation of the photo-generated
charge carriers. Compared to homogeneous CuBi,O, photocathodes, CuBi,O, photocathodes with a forward gra-
dient show highly improved charge separation efficiency and PEC performance, while a reverse gradient has a
reduced charge separation efficiency PEC performance. At 0.6 V vs. RHE, with H,O, as an electron scavenger, the
forward gradient CuBi,O, photocathodes produce record photocurrent densities for CuBi,O,up to -2.5 mA/cm”
under AM 1.5 simulated sunlight along with a charge separation efficiency of 34 % for 550 nm light. To test for H,
production, CuBi,O, photocathodes with a forward gradient were protected from photo-corrosion with a
CdS/TiO, heterojunction layer and Pt was photodeposited as an electrocatalyst. The CuBi,O,/CdS/TiO,/Pt
showed dramatically improved stability and H, was produced with a faradaic efficiency of ~91 % at 0.0 V vs. RHE.
The gradient self-doping does not require the addition of external dopants and as a result the tetragonal crystal
structure and intrinsic charge carrier mobility of CuBi,O, are maintained. We hope this new concept of using
forward gradient self-doping to improve charge separation can be applied to other multinary metal oxides as well.

EXPERIMENTAL

Material synthesis

A 40 mM B#*" precursor was prepared by dissolving Bi(NO,),»5H,O (98 %, Alfa Aesar) in a 1: 9 mixture of acetic
acid (= 99.8 %, Sigma Aldrich): ethanol (= 99.8 %, Sigma Aldrich). A 20 mM Cu®" precursor was prepared by dis-
solving Cu(NO,),*3H,O (99-104 %, Sigma-Aldrich) in ethanol (= 99.8 %, Sigma Aldrich). The substrates were
fluorine-doped tin oxide (FTO) coated glass (7 /sq, Nippon Sheet Glass Co. Ltd.) for the PEC measurements,
while fused silica (‘quartz’) substrates (H Baumbach & Co. Ltd) were used for the optical absorption and micro-
wave conductivity measurements. Prior to deposition, the substrates were cleaned by three successive 15 min
ultrasonication and rinsing steps in 1vol % Triton in water, acetone, and ethanol, followed by drying under a
stream of nitrogen. Before deposition was started the substrates were placed on the hot plate and heated to the
preset temperature of 450 °C. The spray nozzle (Quickmist Air Atomizing Spray) was placed 20 cm above the
heating plate and driven by an overpressure of 0.6 bar of nitrogen gas. Pulsed deposition mode was used, with
one spray cycle consisting of 5 s spray time followed by a delay of 55 s to allow complete evaporation of the sol-
vent and pyrolysis of any remaining organics.
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Homogeneous CuBi,0, films were prepared using the previously reported spray pyrolysis recipe with triethyl
orthoformate (TEOF) and polyethylene glycol (PEG) as additives.* CuBi,O, films with a forward gradient were
prepared through a two-step diffusion-assisted spray pyrolysis process, which is illustrated in Figure 9. First the
Bi*" precursor was sprayed onto FTO substrate at a deposition temperature of 450 °C resulting in a yellow Bi,O,
film as confirmed by XRD. Next the Cu™ precursor was sprayed successively on top of the Bi,O; film at 450 °C,
during which Cu diffuses into the Bi,O,. The high mobility and small size of Cu greatly facilitates the diffusion of
Cu™ into Bi,0,. CuBi,O, photocathodes with forward gradient were obtained without any post annealing. Re-
verse gradient CuBi,O, films were prepared by first spraying the Cu®" precursor, followed by the Bi*" precursor.
This two-step process avoids the rapid hydrolysis of Bi*", which occurs when the Bi**and Cu®" precursors are
combined in acetic acid and ethanol; thus, TEOF and PEG additives are not required. Moreover, the growth rate
is 2.7 nm/min, which is 3.3 times higher than that of our previous reported recipe.*

CdS/TiO, overlayers were deposited onto the forward gradient CuBi,O, films using previously reported proce-
dures.®* The platinum electrocatalyst was photoelectron-deposited onto the CuBi,O,/CdS/TiO, from a solution
containing 1 mM H2PtClg in 0.1 M Na,SO,, using a constant cathodic current of 25 pA/cm”for 10 min with con-
stant illumination from a AM 1.5 solar simulator (LOT-Quantum Design GmbH). The photoelectrodeposition
was performed in a two-electrode configuration with Pt mesh as a counter electrode.

Material Characterization

The morphology and the elemental distribution of the films were analyzed using a LEO GEMINI 1530 field
emission scanning electron microscope (FESEM) with an energy dispersive X-ray fluorescence (EDX) spectrome-
ter operated at an acceleration voltage ofs kV and 20 kV for SEM and EDX, respectively. The cross section ele-
mental distribution of the CuBi,O, films was determined by EDX mapping, where the Cu (K,) and the Bi (M)
peaks were used to calculate the Cu and Bi content, respectively. The crystal structures of the films were investi-
gated with a Bruker AXS D8-Advance X-ray diffractometer with a Cu K, radiation (4 = 0.154 nm) using glancing
incidence X-ray diffraction (GIXRD) measurements. To determine the crystallite size, Scherrer analysis was per-
formed as described in our previous paper.*
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Figure 9. Schematic drawing of the two step deposition of CuBi,O, with forward gradient.

The short-range structure and vibration modes were analyzed by Raman spectroscopy (Dilor micro LabRam,
Horiba) with a laser excitation wavelength of 635 nm and a power of 0.6 mW at the objective (spot size: ~1 pm in
diameter). The surface morphology was investigated by atomic force microscopy (AFM, Park System, XE-100)
operated in tapping mode using an etched Si tip with a tip radius of 10 nm and a force constant of 40 N/m. All
scans were performed on a scale of 5 pm x 5 um with the lateral resolved height information on a square array of
256 x 256 pixels.

The charge carrier mobility and lifetime were investigated by time resolved microwave conductivity (TRMC)
measurements. TRMC is a non-contact technique based on the measurement of the change of the microwave
power reflected by a sample induced by a pulsed laser, as illustrated in Figure S24.>** The X-band (8.2-12.4 GHz)
microwaves are generated using a voltage controlled oscillator (SiversIMA VO3262X). To enhance the sensitivity,
all measurements were performed in a cavity whose dimensions match the wavelength of the microwave. The
resonance frequency of the cavity, loaded with the sample, was determined by measuring the reflected power as
a function of the microwave frequency and normalized with respect to the power measured for a fully reflecting
copper plate. From the resulting resonance curve the resonance frequency f,, corresponding to minimum reflect-
ed power and maximum electric field strength within the cavity, was found to be 8521 MHz for our CuBi,0, films.
During the measurements, a change in the reflected microwave power upon sample excitation by 6 ns (full-
width at half-maximum) pulses of a frequency-doubled Q-switched Nd:YAG laser at a wavelength of 532 nm (10
Hz repetition rate), AP/P, was monitored and correlated to the photoinduced change in the conductance of the
sample, AG, according to

% (0 = —KAG() (1)



where K is the sensitivity factor derived from the resonance characteristics of the cavity and the dielectric prop-
erties of the medium.

From the measured change in the photoconductance, the product of the charge carrier generation yield (¢) and
the sum of electron and hole mobilities (£) can be obtained according to
AG

dYu= (2)

" IoBeFa

where I, is the incident intensity per pulse, e is the elementary charge, B is the width-to-height ratio of the inner
dimensions of the cavity, and F, is the fraction of incident photons absorbed within the sample. The F, values
ranged from 0.56 to 0.61 at a wavelength of 532 nm, determined from transflectance measurements with a dou-
ble-beam spectrometer Lambda 950 (Perkin-Elmer). The maximum sum-up charge carrier mobility was ob-
tained from the peak signal and the carrier lifetime constants were deduced from the decay of the curve.

The charge carrier diffusion lengths (Lp) were calculated from the following formula,

Lp = (X))« (3)

e

where p is mobility (m*V™s™), k is the Boltzmann constant, T is the temperature (K), e is the electronic charge (C),
and 7 is the charge carrier lifetime (s).The laser pulse intensity was 4.9x10" photons cm™ for all measurements.

Electrochemical and Photoelectrochemical Measurements

The photoelectrochemical measurements were carried out with an EG & G Princeton Applied Research 273 A
potentiostat using a three-electrode configuration, with the CuBi,O, film as the working electrode, an Ag/AgCl
(saturated KCl) reference electrode, and a platinum wire counter electrode in a quartz-windowed PEC cell. A
WACOM C(lass AAA solar simulator (WXS-50S-5H) was used as an illumination source (AM 1.5, 100 mW/cm?).
0.3 M K,SO, with 0.2 M phosphate buffer (pH 6.65) was used as an electrolyte with or without H,O, added as an
electron scavenger. The pH value was measured with a pH meter (OAKTON). All potentials were converted to
the reversible hydrogen electrode (RHE) scale using the Nernstian relation,

VRHE = VAg/AgCl + 0.059 x pH + 0.197 (V) (4‘)

Monochromatic photocurrents were measured with a 300 W quartz xenon lamp coupled into a grating mono-
chromator (Acton SpectraPro 150 i). An electronic shutter (Uniblitz LS6) was used, and a long-pass colored glass
filter (Schott, 3 mm thick) was placed between the monochromator and the sample to remove second-order dif-
fracted light. The shutter was actuated every 10 seconds, and the currents were determined first waiting for 8 s,
following by averaging the measured values for 2 s before the shutter was actuated again. A dark and light meas-
urement was taken for each data point, with 1.5 nm wavelength steps between each point.

IPCE was calculated using the following formula,

o
IPCE(%) = ’P;(Vé)) X 3o % 100 (5)

where J,p,, is the photocurrent, P is the power, and 1 is the wavelength. The APCE was calculated from the fol-
lowing formula,

IPCE (%
APCE (%) = T (6)
where A is the absorptance. The IPCE of the CuBi,O, photocathodes were measured at 0.6 Vvs. RHE with H,O,
added.

Electrical impedance spectroscopy (EIS) and Mott—Schottky measurements were performed using a VersaSTAT
3 Potentiostat (AMETEK Co., Ltd.). Mott-Schottky plots were created based on the following formula,*

1 2 kT
C_Z_essoNA(_(p-l-(pfb_T) (7)

where C is the capacitance per unit area (F/m?), € is the relative permittivity (dielectric constant), g, is the per-
mittivity of free space, N, is the acceptor density, and ¢ is the flat-band potential. AFM was used to estimate
the real surface area from the geometric surface area of the working electrode in the PEC cell (i.e., our CuBi,O,
photocathode). The € of CuBi,O, is expected to vary with Cu/Bi ratio and frequency but there are limited reports
in the literature. For bismuth cuprate glasses, it was shown that € varies with the Cu/Bi ratio and frequency,
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which can be modeled using the Cole-Cole equation.’””* Therefore we used this technique to estimate ¢ for vari-

ous CuBi,0, films and frequencies as shown in Figure S25 and described in the Supporting Information.

The photoelectrochemical stabilities of the CuBi,O, and CuBi,0,/CdS/TiO,/Pt photocathodes were tested in a
three-electrode configuration using a BioLogic SP-200 potentiostat with illumination from a AM 1.5 solar simula-
tor (LOT-QuantumDesign GmbH). The reference electrode was Ag/AgCl (saturated KCl) and a Pt mesh was used
as the counter electrode. The sample was placed in a quartz-windowed PEC cell equipped with an O-ring to fix
the area to 0.28 cm”. A solution of 0.3 M K,SO, with 0.2 M phosphate buffer (pH 6.65) was used as an electrolyte
with N, bubbling during the measurement.

For H, detection, differential electrochemical mass spectrometry (DEMS) measurements were carried in a PEC
cell with a thin electrolyte layer (~100 pm) between the CuBi,O,/CdS/TiO,/Pt photocathode and a gas permeable
membrane (ethylene-tetrafluoroethylene copolymer, Scimat) as shown in Figure S26. The photocathode was
illuminated from the backside using a 150 W Xe lamp with an AM 1.5 G filter. The light power was adjusted to
approximately 650 mW/cm” for light wavelengths between 400 and goo nm. The gas permeable membrane acted
as an inlet to the first vacuum chamber of a dually pumped vacuum system. A variable leak valve connected the
first chamber to the second high vacuum chamber, which housed the quadrupole mass spectrometer (Pfeiffer
Vacuum, QMG 220 Mi1). The DEMS cell design was closed with stagnant electrolyte so all gaseous or volatile
compounds formed by the photocathode were collected through the permeable membrane and detected by the
mass spectrometer. Two small holes in the electrolyte channel allowed for filling of the cell and insertion of the
Ag/AgCl reference electrode and Pt wire counter electrode. To calibrate the PEC cell the H, signal was measured
vs. current for a Pt sheet (see Figure S22 in the Supporting Information). Then the Faradaic efficiency for the
photocathode could be calculate using the following equation, under the assumption that the Pt sheet has 100 %
Faradaic efficiency for the H, evolution reaction,

__ Hjsignal from photocathode
Nfaradaic =

C))

H, signal from Pt sheet
After each DEMS measurement the electrolyte was exchanged to avoid undesired shifts in the pH.
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