A

ROYAL SOCIETY
OF CHEMISTRY

Joumal of

Materials Chemistry A

View Article Online

View Journal | View Issue

Atomically manipulated proton transfer energizes

i") Check for updates‘
water oxidation on silicon carbide photoanodest

Cite this: J. Mater. Chem. A, 2018, 6,
24358 - a b - a . . a . - a
Hao Li,° Huan Shang,” Yuchen Shi,? Rositsa Yakimova,® Mikael Syvajarvi,

Lizhi Zhang ©° and Jianwu Sun @ *2

Surmounting the sluggish water oxidation kinetics beyond the hole-dominated thermodynamic effect is
a topic of great scientific interest to establish fully renewable hydrogen technology from solar-powered
water splitting. Herein, we demonstrate that the bottleneck of photoelectrochemical water oxidation can
be overcome via atomic manipulation of proton transfer on the polar surfaces of silicon carbide (SiC)
photoanodes. On the typical carbon-face SiC, where proton-coupled electron transfer governed the
interfacial hole transfer for water oxidation, substantial energy loss was inevitable due to the highly
activated proton-transfer steps. Via preferentially exposing the silicon-face, we enabled surface-

catalyzed barrierless O—-H breaking with a facile proton exchange and migration character. This
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Accepted 13th November 2018 mechanistically shifted the rate limiting step of water oxidation from sluggish proton-coupled electron
transfer to a more energy-favorable electron transfer. The proof-of-concept study introduced here may

DOI: 10.1039/c8ta08631a open up new possibilities to design sophisticated photoelectrodes for an unbiased solar water splitting
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1. Introduction

Solar energy can provide sufficient power to meet the world's
energy demand if it can be efficiently harvested. This is the very
reason why photoelectrochemical (PEC) water splitting and CO,
reduction attract worldwide research interest as a promising
sustainable technology for solar fuel production.*™ The PEC
conversion of solar energy into chemical fuels is based on two
half-reactions, namely, water oxidation and reduction reactions.
The slow-rate oxygen evolution reaction (OER) at photoanodes
in many cases is regarded as the bottleneck for PEC reactions,
especially when photoanodes are coupled to many metals which
can achieve a hydrogen evolution reaction at relatively low
overpotentials. This is because the OER involves a four-electron
process via several steps with high energy barriers (2H,0 — O,
+ 4H' + 4e7).>° Despite the large number of methodologies
which have been aiming to reduce the OER overpotential,
including doping, surface modification, and nanostructure
tuning, it still remains a challenge to design a highly active
photoanode because the detailed mechanisms of the OER
kinetics are still not fully understood.
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Intrinsically, it is generally agreed that the OER in a typical
PEC reaction is composed of the following four sequential
proton-coupled electron transfer (PCET) steps:"*°

*H,0 —» *OH + H" + e~ 1)
*OH - *O+ H " + e~ (2)

*O + H,O(l) — *OOH + H' + ¢~ 3)
*O0OH — O, + H + e~ 4)

where * denotes the surface adsorbed state, e™ is the interfacial
electron, H,0O(l) is the liquid water, and H' is the dissociated
proton. Among them, the first PCET (*H,O — *OH + H' + e7),
being characterized by both O-H bond breaking associated
proton-transfer (PT) and interfacial electron-transfer (ET), is
envisioned as the rate-determining step.'® The first PCET of the
OER has long been believed to be governed by ET, whose reac-
tion thermodynamics is highly dependent on the redox level of
the hole in the valence band (VB) of the photoanode. However, it
cannot explain the ineffectiveness of the OER on many pristine
semiconductors, including TiO,, Fe,O; and ZnO, whose VB
positions perfectly match with that of water oxidation."*> The
pioneering work done by Selloni and Liu groups, on the other
hand, theoretically demonstrated that beyond the hole-
dominated thermodynamic effect, strong kinetic effects con-
cerned with PT were also essential for the OER.'™3' For
instance, the first PCET was demonstrated to be sequential with
PT (*H,0 — *OH + H') preceding ET (*OH~ — *OH +e");
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besides, an inherent high overpotential had arisen from highly
activated O-H oxidative cleavage and proton migration within
the PT step, rather than the barrierless ET. As a proof of
concept, this theory is consistent with the abundant theoretical
and experimental findings that thermodynamic hole trapping
by water was remarkably enhanced at high pH, when the proton
concentration of the electrolyte was low and only deprotonated
surface states possessed appreciable energy to trigger the OER,
all of which offer a possibility to accelerate the sluggish OER via
modifying the delicate PT behavior.'**®

Silicon carbide (SiC) has emerged as a promising semi-
conductor for photocatalytic applications due to its superior
chemical stability, high charge mobility, and suitable energy
band positions that straddle the water redox potential.>** Most
noticeably, SiC is receiving considerable attention as a novel
biocompatible material due to its tunable surface water chem-
istry, particularly for the representative polar (carbon or silicon
terminated) surfaces, which are commercially available.
Depending on the terminated atoms (C or Si), the exposed
surfaces display different atomic and electronic structures,
which remarkably influence water adsorption, hydroxylation
and wet oxidation behaviors. For example, the Si-face of SiC was
theoretically proved to be capable of inducing water dissocia-
tion towards the formation of surface Si-OH and Si-H frag-
ments, while the C-face displayed “inertness” to afford only
molecular water adsorption, as demonstrated by Cicero and
Amy et al.*>** In the light of this, the polar surfaces of SiC have
emerged as an ideal platform to manipulate PT behavior for
desirable water oxidation and understand more of the details of
water oxidation mechanisms. In this study, we theoretically and
experimentally demonstrate that the bottleneck of the OER can
be overcome via atomic manipulation of PT over the SiC polar
surfaces. By preferentially exposing the Si-face, we enabled
surface-catalyzed barrierless O-H breaking and proton
exchange and migration within the PT step in the first proton
removal reaction, which mechanistically shifted the sluggish
rate-limiting step on the C-face to a more energy-favorable one,
thus making the OER conductive at a very low overpotential
even under neutral pH conditions. Mechanistic insights into
the challenge of the PT scheme are provided on the basis of
detailed theoretical and experimental results.

2. Results and discussion
2.1 Theoretical study of water adsorption on SiC

Density functional theory calculation was first used to model
water adsorption and reaction on a prototypical SiC polar
surface, the hexagonal 6H-SiC(0001) surface (Fig. 1a). On the C-
terminated (0001) surface, H,0 was found to remain floating
above the surface at low coverage (1/4 ML); even at higher
coverage (when two H,0 molecules were included into a super-
cell), water molecules preferred to optimize the internal
hydrogen bond (HB) network without interacting with the C-
surface (Fig. 1b). The charge density difference revealed an
extremely weak HB-like interaction, as reflected by the appear-
ance of charge localization in the region between a surface
carbon atom and the -OH group of water. An entirely different
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Fig. 1 Theoretical investigation of water adsorption and PT behavior
on the C- and Si-polar surfaces of hexagonal 6H-SiC. (a) Unit cell of
6H-SiC. Adsorption of H,O on the (b) C-surface and (c) Si-face of 6H-
SiC. The yellow and blue isosurfaces represent charge accumulation
and depletion in the space along with water adsorption, respectively.
The isovalue is 0.005 au. (d) Proton exchange and migration on the Si-
face. Red dashed lines show the ordinary hydrogen bond (HB) or
hydrogen-like bond. (e) Partial density of states (PDOS) of water on the
Si-face and C-face of 6H-SiC with different adsorption structures. For
the sake of presentation, the local contributions have been scaled by
a factor of 10.

picture of water adsorption was found when the Si-terminated
(0001) surface was exposed. Irrespective of its initial orienta-
tion, H,O would diffuse to a Si-Si dimer, where spontaneous
dissociation took place (H,O — OH™ + H') with the -OH frag-
ment bonding to one Si atom, and the -H fragment being
transferred to another Si atom (Fig. 1c). Such water dissociation
behavior was due to a thermodynamic need to stabilize the
dangling bonds and minimize surface energy,* as evidenced by
the significant charge depletion on the Si-Si dimer and charge
accumulation on dissociated water fragments with a large
adsorption energy of —3.36 eV (Fig. 1c).

To explore the explicit first shell solvation effect, water
adsorption at higher coverage was then modeled. When two
H,0 molecules were included into a supercell, we observed an
interesting synchronous two proton exchange and migration
phenomenon. Specifically, besides establishing a Lewis acid-
base interaction with the Si surface, H,O, formed a reliable
HB with a nearby H,O(,). Along with H,O(, dissociation, the -H,
fragment, that was initially hydrogen-bonded, was transferred
to H,O,), while H,Oy,) simultaneously released a -Hj, fragment
to a neighboring Si atom (Fig. 1d). Besides intermolecular
proton exchange, proton exchange with a surface hydroxyl
group on the Si-face along with water dissociation was also
thermodynamically favorable (Fig. Slat). This interesting
proton exchange and migration behavior remarkably promoted
the proton transfer ability (from one Si-Si dimer to another Si-
Si dimer) on the Si-terminated surface (Fig. 1d). When three
H,0 molecules were included into a supercell, two of them
preferred to dissociate, while the third one formed a HB
network with the two dissociated H,O molecules (Fig. S1bf).
The HB network contained two strong HBs and one weak HB,
representing a typical intimate interaction between a wetting
surface with liquid water (Fig. S1ct). Moreover, the formation of
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the HB; lengthened the Si-H bond from 1.50 A to 1.74 A,
simultaneously reducing the barrier of proton transfer to liquid
water from 0.85 eV to 0.32 eV. It has to be pointed out that when
H,0 was pushed to the C-face at a distance below 1.0 A, it also
dissociated on a C-C dimer. However, water dissociation on the
C-face has to overcome a kinetic barrier of 1.41 eV, suggesting
that such a reaction would not spontaneously occur even at
higher temperature. To estimate the thermodynamics of water
oxidation, we calculated the partial density of states (PDOS) of
adsorbed water on different exposed surfaces of 6H-SiC. For
H,0 weakly bound to the C-face via a HB, its PDOS was deeply
embedded in the VB, approximately 2.02 eV lower compared to
the VB edge of 6H-SIiC, suggesting that hole transfer to the
surface adsorbed H,O was thermodynamically hindered
(Fig. 1e). However, dissociated water on the Si-face was appar-
ently more active than molecular water on the C-face towards
oxidation, as evidenced by its PDOS that almost overlapped the
VB edge (Fig. 1e).** This is consistent with the fact that
oxidation of OH™ to O, is thermodynamically more favorable
than the oxidation of H,O to O, (Eo on- = 0.40 V and Eq 1,0 =
1.23 V versus the reversible hydrogen electrode).*®

2.2 Experimental study of water adsorption on SiC

The above theoretical scenarios revealed that the Si-face on 6H-
SiC not only enabled barrier-less O-H breaking on water
adsorption, but also facilitated proton exchange and migration
within the PT step, representing a key prerequisite for kineti-
cally improved water oxidation. Meanwhile, from a thermody-
namic point of view, water in the dissociated form (OH™ + H')
should be more active with holes than its molecular form,
suggesting the potential superiority of the Si-face for water
oxidation. To experimentally verify these calculation results, n-
type C-terminated and Si-terminated 6H-SiC films with device
quality were grown on the C-face 6H-SiC(0001) and Si-face 6H-
SiC(0001) substrates by chemical vapor deposition (CVD),
respectively.”® The surface morphology of the as-grown films
was examined by atomic force microscopy (Fig. S2t). Before
evaluating its PEC performance, specific water adsorption
structures on both C- and Si-face 6H-SiC were investigated via
Fourier-transform infrared (FTIR) spectroscopy in a designed
reaction cell. The FTIR of pristine C- and Si-face 6H-SiC
exhibited two weak absorption bands spanning 3600-
3800 cm ™' ascribed to residual hydroxyl groups stretching with
no contaminants like F~ and NHj;. To avoid the possible inter-
ference of these hydroxyl groups, heavy water (D,O)-saturated Ar
gas was introduced to simulate water adsorption onto 6H-SiC
surfaces. After sufficient D,O adsorption, the reaction cell was
thoroughly evacuated (to ~10~° mbar) at 120 °C (the boiling
point of D,O is 101.4 °C). No remarkable difference was
observed on the C-face before and after D,O adsorption, sug-
gesting that D,O was weakly interacting with the C-face and
thermal heating allowed full desorption of D,O. In contrast,
a strong »(OD) stretching peak appeared at 2685 cm ' (Fig.-
S3af). The reason why the newly appeared absorption band at
2685 ¢cm ™' was indexed to -OD groups arising from D,O
dissociation (D,O — OD~ + D) could be explained by two facts.
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First, D,O was unlikely to exist on the Si face under continuous
evacuation at 120 °C, as the boiling point of D,O is 101.4 °C.
Second, with further increasing the heating temperature in the
reaction cell to 250 °C, the strong absorption band at 2685 cm ™"
experienced a slight decrease but was still clearly observed,
suggesting that it should be attributed to strongly adsorbed
-OD groups on SiC rather than weakly bound D,O (Fig. S3bt).>®

To explore the possible proton exchange and migration
scheme occurring on the Si-face, we further exposed the Si-face,
which was pre-hydroxylated with -OD, to saturated H,O vapor.
Following a transient water deposition at 298 K, the saturated
H,0 vapor in the reaction cell was then gradually re-evacuated
with the surface hydroxyl stretching being in situ monitored.
Along with evacuation, the broad absorption band ranging from
2700 to 3700 cm™' and the band at 1628 cm™!, which were
respectively assigned to »(OH) and o(H,0), gradually decreased
(Fig. 2a).” However, IR absorption of »(OD), which was supposed
to remain chemically and thermally stable, experienced
a synchronous decrease, suggesting that part of the -OD on the
Si-face was consumed. Unexpectedly, concomitant with the
»(OD) decrease, a new absorption band at 1400 em ™" gradually
appeared, which was indexed to the bending absorption of
o(HDO) (Fig. 2a).” Since the IR absorption of the ¢(HDO) region
could maintain high stability under even higher vacuum, the as-
formed HDO was believed to reside in the wetting layer, which
interacted strongly with the hydroxyl groups on the Si-face via
HBs (-Si-OH---HDO). Moreover, the almost linear decrease of
¥(OD) and increase of ¢(HDO) along with evacuation time sug-
gested that the consumption of -OD on the Si-face was directly
associated with HDO generation (Fig. 2b). Conceivably, facile
proton exchange and migration between -OD on the Si-face and
outer layer H,O was supposed to dominate this process (-Si-OD
+ H,0 — -Si-OH---HDO) (Fig. S4at).

In order to more precisely specify the components in the
above water film on the Si-face, electron-stimulated and photon-
stimulated desorption (ESD and PSD) techniques were carried
out (Fig. 2¢).** In order to prepare a thin water film with
a possible proton exchange layer on 6H-SiC, D,O was first
deposited on SiC to ensure —-OD hydroxylation, followed by
evacuation (Fig. 2d). Then, 2-3 ML H,O was deposited on the
hydroxylated 6H-SiC surfaces to enable the formation of
a hybrid thin water film (Fig. 2d). On the Si-face of 6H-SiC, we
were able to observe an abrupt H,O signal increase when the
electron beam was turned on, followed by a rapid decay, indi-
cating that stimulated H,O desorption directly happened on the
water/vacuum interface (Fig. 2e). Besides, another signal cor-
responding to the proton exchange product of HDO was vividly
witnessed on the Si-face, as depicted by a promotive increase
but remarkably slower decrease (Fig. 2e). It is to be noted that an
induction period appeared during stimulated HDO desorption.
This is because electron-stimulated HDO desorption would
occur only when the outer-layer H,O was largely desorbed
(Fig. S4bt), confirming that the proton exchange and migration
region was located at the water/6H-SiC interface. As for the C-
face, it displayed an appreciably lower H,O desorption and no
observable signal of HDO, in agreement with its poor affinity to
water as will be shown below. We also considered the effect of

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Water adsorption behavior of the C- and Si-face of 6H-SiC. (a) Dynamic change of the FTIR spectra of the H,O-saturated Si-face with
—OD hydroxylation under continuous evacuation. (b) Absorbance change of the band of »(OD) and ¢(HDO) along with evacuation time increase
shown in (a). (c) Schematic illustration of the electron-stimulated or photon-stimulated desorption (ESD or PSD) technique for the investigation
of water adsorption on 6H-SiC. (d) Preparation of a thin water film with a possible proton exchange layer for ESD and PSD analyses. (e) ESD signal
of H,O and HDO versus electron fluence from the thin water film on the C- and Si-face 6H-SIC. (f) PSD signal of H, and HD production from the

thin water film on the C- and Si-face 6H-SiC.

light (A < 400 nm) illumination on the desorption manners of
other related molecules, including H, and HD. After the light
was turned on, we successfully observed the desorption of H,
from the Si-face or C-face, arising from water splitting, which
was pronounced, but sluggish, as it was saturated only after 40 s
(Fig. 2f). Interestingly, another signal indexed to the proton
exchange product of HD was perceived on the Si-face but was
not observed on the C-face. Moreover, in stark contrast to the H,
signal, the HD signal increased more abruptly on the Si-face,
reaching a maximum within 10 s (Fig. 2f). Since photon-
induced water splitting preferentially occurred at the 6H-SiC/
water interface (Fig. S4ct), the pronounced HD signal, derived
from interfacial HDO, indicated facile proton exchange and
migration on the Si-face of 6H-SiC was exceedingly beneficial
for overall water splitting.

The macroscopic water-SiC interaction was also studied by
water contact angle measurement. The C-face was found to be
hydrophobic with a large contact angle of 95.8°, consistent with
the weak molecular water adsorption behavior on this face
(Fig. 3a). Differently, the water contact angle on the Si-face was
only 36.7°, showing that the interaction between water and the
Si-face should be much stronger (Fig. 3b). This peculiar
hydrophilic character of the Si-face could be explained by the
facile proton exchange and migration, as well as the strong HB
network constructed between the inner and the outer layer of
water, which facilitated the overall water adsorption.'*?*
Enlightened by the above experimental results, we further
prepared Si- and C-face 6H-SiC photoanodes. A 200 nm thick Al
layer was deposited on the backside of the highly conductive
6H-SiC films (0.8 cm x 0.8 cm) for making an ohmic contact for

This journal is © The Royal Society of Chemistry 2018

both the Si- and C-face 6H-SiC photoanodes, as evidenced by
the linear I-V curve (Fig. 3c and S57%). A three-electrode photo-
electrochemical cell was used to evaluate the PEC performances
of the C- and Si-face 6H-SiC photoanodes in 0.5 M pH 6.8
Na,S0, solution. Both 6H-SiC faces showed a low dark current
in the linear sweep voltammetry scan, suggesting the absence of
any chemical reactions in the dark. Under monochromatic light
(A =410 nm, I, = 30 mW cm?), even though the C-face 6H-SiC
photoanode exhibited a low onset-potential of 0.15 V versus the

Si-face

c d
& 15
semm % Si-face/H,0
— Al layer 1.2
"L Cutape <
—I—g\ass é
> 09 cathodic shift
Ij : f'—l—' Z / C-face/H,0
i ” S 0.6 7
Al © /
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Fig. 3 Macroscopic water adsorption behavior and PEC performance
of the C- and Si-face of 6H-SiC. Water contact angles of the (a) C- and
(b) Si-face 6H-SIiC. (c) Schematic illustration of the PEC cell and
photoelectrode structure. (d) Current density—voltage (J-V) curves
measured for the 6H-SIC photoanodes in 0.5 M pH 6.8 Na,SO4
solution under 410 nm monochromatic light.
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reversible hydrogen electrode (RHE) in the J-V curve, a remark-
able current increase occurred only from 0.56 V, suggesting
a typical sluggish water oxidation behavior due to the robust
electron/hole recombination (Fig. 3d). As for the 6H-SiC pho-
toanode with the Si-face, the onset potential of water oxidation
is 0 Vversus RHE even under neutral conditions, indicating that
the OER can occur without external bias. Besides, a precipitous
photocurrent increase occurred at as low as 0.10 V, which is
a 0.46 V cathodic shift relative to the 6H-SiC photoanode with
the C-face (Fig. 3d). Moreover, a plateau appeared around 0.40 V
over the Si-face with a saturated photocurrent density of 1.01
mA cm 2, which is limited to the light intensity. It is noteworthy
that to reach the plateau of photocurrent density, C-face 6H-SiC
required a bias as large as 1.50 V.

2.3 Photoelectrochemical performance of SiC photoanodes

The remarkably reduced energy for triggering the OER on the Si-
face could also be reflected in the applied bias photon-to-
current efficiency (ABPE) in a two-electrode system. The
maximum ABPE of 16.7% was achieved at an extremely low bias
of 0.08 V on the Si-face under 410 nm monochromatic light,
while it required a higher applied bias of 0.45 V to reach
a comparable ABPE on the C-face (Fig. 4a). Correspondingly, the
Si-face exhibited an obviously higher incident photo-to-current
conversion efficiency than the C-face in the wavelength region
of 300-410 nm (above the bandgap of 6H-SIiC, 3.0 eV), even
though they possessed almost the same light absorption
capacity and identical optical band-edge absorption (Fig. S67).
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Fig. 4 Detailed PEC performance of the 6H-SiC photoanodes with Si
or C-exposure. (a) ABPE of the 6H-SiC photoanodes in a two-elec-
trode system using 0.5 M pH 6.8 Na,SO, solution as the electrolyte. (b)
Detected and calculated O, production over the photoanodes at a bias
of 0.4 Vrye in a three-electrode system. Solid lines show the corre-
sponding J-t curves in 0.5 M pH 6.8 Na,SO,. Error bars represent
standard deviation based on five independent experiments. (c)
Comparison of J-V curves measured over the 6H-SiC photoanodes in
0.5 M pH 6.8 NaySO4 with and without in 0.1 M H,0,. (d) The quantum
efficiency (o) for water oxidation by surface holes determined from
the data in (c) for 6H-SIC photoanodes under PEC water oxidation
conditions. lllumination: 410 nm monochromatic light.

24362 | J. Mater. Chem. A, 2018, 6, 24358-24366

View Article Online

Paper

Moreover, online O, detection via gas chromatography (GC)
confirmed that the photon-to-current conversion was mainly
associated with stable O, production with a current-to-O, effi-
ciency exceeding 90% under a bias of 0.4 Vgyg in a three-
electrode system (Fig. 4b). Since both the C- and Si-face 6H-
SiC films possessed identical doping concentrations and
comparable Fermi levels (Fig. S7f), we believe the onset
potential, the photocurrent density and the evolved O, differ-
ences over the photoanode with different faces are more related
to surface charge kinetics rather than the flat band potential,
conductivity, or bulk recombination. To prove this point of
view, we quantitatively determined the quantum efficiency (¢oy)
of water oxidation by surface holes according to the method
developed by Dotan et al.>* The photocurrent density (/) arising
from the OER is theoretically described as J = Japs@sepPox, Where
Jabs is the theoretical photocurrent density of 6H-SiC assuming
the absorbed photon conversion efficiency to be 100%, and ¢gep,
represents the charge separation yield of the photogenerated
carriers (Fig. S8t). For an easily oxidized surrogate substrate like
H,0,, surface recombination is completely suppressed with ¢y
=~ 1. Therefore, when probing water oxidation using the same
photoelectrode, ¢, can be calculated from the ratio of J(H,O)/
J(H,0,).** To obtain J(H,0,), we performed linear sweep vol-
tammetry over the photoanodes in the presence of 0.1 M H,0,
under the same conditions. Interestingly, the -V curve of the
6H-SiC photoanode with the C-face performing H,0, oxidation
experienced a remarkable cathodic shift and sharp rise,
resembling that of the 6H-SiC photoanode with the Si-face
performing water oxidation (Fig. 4c). The calculated ¢, of the
C-face in our case was very low at a bias below 0.6 V, reaching
80% at a higher bias of 1.0 V (Fig. 4d). As for the Si-face, it
maintained a high ¢.x approaching unity throughout the whole
applied bias region (Fig. 4d). This demonstrated that separated
holes on the Si-face more vividly participated in the surface
water oxidation towards PEC oxygen evolution (Fig. 4d).

2.4 Photoelectrochemical water oxidation kinetics on SiC
photoanodes

Apparently, the reason why the Si-face of 6H-SiC displayed
lower charge recombination kinetics and stronger reaction
kinetics for water oxidation than the C-face was closely related
to its specific atomic structure. According to our theoretical and
experimental results, the unique water dissociation mode on
the Si-face of 6H-SiC with a facile proton exchange and
migration character within the PT step was hypothesized to
contribute substantially to its superior OER performance. To
gain deep insight into the peculiar PT possibly occurring on the
Si-face of the 6H-SiC photoanode, we first evaluated the surface
charge transfer kinetics via monitoring the photocurrent tran-
sient change under a progressively increasing bias. The tran-
sient photocurrent of the C-face photoanode showed a large
spike in the initial stage at either low or high applied potential,
followed by a multiexponential decrease due to the charge
carrier recombination (Fig. 5a).

According to the work by Zhong and Zhang et al., such
photocurrent decaying shape represented a characteristic OER

This journal is © The Royal Society of Chemistry 2018
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kinetic sluggishness due to the limited PT to water solvent or the
catalytic surface during PCET steps.'** Typically, this major
kinetic inadequacy could be circumvented in basic electrolytes,
because OH ™~ was easier to oxidize than H,0.*® As expected, the
spikes were suppressed in 0.1 M NaOH, suggesting the suppres-
sion of surface recombination when kinetic PT was no longer
involved (Fig. 5a and b). In contrast, the photocurrent response
over the Si-face was not only substantially higher even under
neutral conditions than the C-face, but also showed higher
stability, as characterized by the small spikes at low bias and
square shape of chopped photocurrent at high bias (Fig. 5b). This
observation suggested that PT was no longer a kinetic bottleneck
on the Si-face 6H-SiC photoanode in a neutral electrolyte. To
acquire quantitative kinetic information on PT during the OER,
the H/D isotopic labelling experiment was carried out. The steady-
state photocurrent from the J-¢ curves after 120 s of irradiation
was used to calculate the kinetic isotopic effect (KIE) in H,O and
D,0 (KIE = J(H,0)/J(D,0O)) at different pH values. At a given
moderate potential of 0.4 Viyg, pronounced KIE values over 2.0
were witnessed on the C-face at low pH (7-9) (Fig. 5c). These
characteristic KIE values indicated that oxidation of water in the
molecular state was the dominant reaction with O-H bond
cleavage serving as the rate determining factor in the PCET steps
of the OER. A similar mechanism was observed in biological and
artificial molecular water oxidation systems.***” At higher pH (10-

This journal is © The Royal Society of Chemistry 2018

13), KIE values gradually decreased and became unity around 13,
suggesting that the oxidation of OH™ governed by ET was the
major reaction. Differently, the Si-face photoanode exhibited
a small KIE at either low pH or high pH, suggesting that the
dominant step during the OER was ET. Moreover, we calculated
the KIE values from the ratio of the evolved O, gas under neutral
or alkaline conditions (KIE = O,(H,0)/0,(D,0) or O,(NaOH)/
0,(NaOD)). Consistently, the Si-face photoanode exhibited
distinct low KIE values around 1.2 under either neutral (D,0) or
alkaline (OD™, pH 12) electrolytes (Fig. 5d). Meanwhile, even
under stronger near UV light irradiation (>80 mW c¢m™?), the Si-
face photoanode was still able to maintain low KIE values
towards the OER.*® This directly confirmed our theoretical
prediction that on the Si-face of 6H-SiC, surface-catalyzed O-H
breaking on water adsorption towards the formation of OH™ was
a barrierless process, which also promoted proton exchange and
migration within PT during the OER, thus suppressing surface
charge recombination in case of PCET and enhancing overall
OER kinetics (Fig. 5e).

2.5 Construction of the zero-biased photoelectrochemical
system

The ultimate goal for practical PEC device designing is to
construct an operative two-electrode system for overall water
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splitting without any external bias (Fig. 6a), which is denoted as
zero-biased water splitting.**** The 6H-SiC photoanode is
a competitive material to enable such a conceptual design,
because it can satisfy several key criteria, including high
stability under strong acid or basic conditions and good trans-
parency. Moreover, the Si-face of the 6H-SiC(0001) surface with
manipulated PT behavior exhibited high OER kinetics even
under neutral conditions, with its maximum of ABPE (0.08 V)
achieved at a potential being close to zero in a two-electrode
system (Fig. 4a). Unfortunately, 6H-SiC is a near-UV-light
responsive semiconductor that largely limits its sufficient
absorption to visible light. However, this proof-of-concept PT
manipulation strategy we have explored over 6H-SiC can be
perfectly applied to cubic 3C-SiC, a more ideal polymorph of
SiC for PEC application due to its electronic structure.**** As
compared with 6H-SiC, 3C-SiC possesses an extended absorp-
tion edge around 500 nm and a suitable bandgap around 2.3 eV
that ensures ample solar light absorption, while simultaneously
maintaining high potentials of the photogenerated charge
carriers for water splitting reactions (Fig. 6b and c). Transparent
yellowish single-crystalline 3C-SiC with the (111) polar surface
exposed was grown via a high temperature sublimation epitaxial
growth technique (Fig. 6¢ and S9t). Theoretical calculations
demonstrated that water was preferentially dissociated on the
Si-face of 3C-SiC (Fig. S10a and bf). In a two-electrode system
(3C-SiC as the photoanode and Pt as the counter electrode), C-
face exposed 3C-SiC displayed a remarkably high photocurrent
response as compared with C-face 6H-SiC in 0.5 M pH 6.8
Na,SO, solution under simulated solar light, while its ABPE
reached a maximum only at 0.62 V (Fig. 6d and S10ct). Via
preferentially exposing the Si-face, we found that the onset

zero-biased
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Fig. 6 Constructing a zero-biased two-electrode PEC system based
on 3C-SiC. (a) Schematic illustration of the zero-biased two-electrode
PEC cell for water splitting. (b) UV-vis absorption spectra of 6H- and
3C-SiC. The white line shows the emission spectra of the simulated
solar light. (c) Color, crystal structure, and band structure of the as-
prepared single-crystalline 3C-SiC film. (d) J-V curves measured for
6H-SiC and 3C-SiC photoanodes with both C- and Si-faces in 0.5 M
pH 6.8 Na,SO,4 under AM1.5G 100 mW cm~? illumination.
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potential of 3C-SiC for the photoelectrochemical OER was
remarkably shifted to —0.4 V, and the bias to achieve the
maximum ABPE was reduced to 0.20 V in 0.5 M pH 6.8 Na,SO,
solution (Fig. 6d and S10cf). Under zero bias, an over 9 times
photocurrent density increase was observed on the Si-face of
3C-SiC as compared with the C-face in the neutral pH electro-
Iyte (Fig. S10d7). Noteworthy, in 1 M NaOH, where the sluggish
PT was avoided, Si-face 3C-SiC could maintain the maximum of
ABPE at zero bias in the two-electrode system, while the ABPE of
C-face 3C-SiC experienced a remarkable cathodic shift to 0.19 V
(Fig. S10e and ft). Optimizing the growth conditions to tune the
doping and to enhance the crystalline quality with the aim of
improving the photocurrent density is ongoing.

3. Conclusions

In conclusion, using switchable polar SiC surfaces as the plat-
form, we demonstrated that the bottleneck of water oxidation
could be overcome via manipulating PT at the surface molecular
level. On the C-face of SiC, where PCET governed the interfacial
hole transfer for water oxidation, substantial energy loss was
inevitable due to the PT steps. Via preferentially exposing the Si-
face, we enabled surface-catalyzed barrier-less O-H breaking,
with a facile proton exchange and migration character. This
mechanistically shifted the rate limiting step of water oxidation
from sluggish PCET on the C-face to a more energy-favorable ET
on the Si-face. The understanding gained in this study unravels
the vital role that PT plays in determining the kinetics of water
oxidation and may open up new possibilities for the design of
sophisticated photoelectrodes and zero-biased PEC systems via
surface engineering.

4. Experimental section
4.1 Preparation of 6H-SiC(0001) films and photoanodes

The Si- and C-face 6H-SiC epilayers were grown by CVD on
highly n-type doped Si- and C-face 4 degree off-axis 6H-SiC
substrates, respectively. The thicknesses for both epilayers are
around 30 pm. The Mott-Schottky measurements show an
identical n-type doping concentration of 1.5 x 10" em > for
both Si- and C-face 6H-SiC epilayers. Prior to the deposition of
ohmic contacts on the backside of the films, they were chemi-
cally cleaned with acetone, ethanol, H,O : NH; : H,0, (5:1: 1),
H,0 : HCl : H,0, (6 : 1 : 1), hydrofluoric acid (HF) and water.
The samples were then fixed on a sample holder and placed
inside a vacuum chamber together with an aluminum (Al)
source for evaporation. The vacuum chamber was connected to
a device calibrated for metal evaporation within the system such
that desired thicknesses could be input and applied power for
the evaporation is set automatically. The resulting contacts were
made of a 200 nm layer of Al on the backsides of the samples to
ensure good ohmic behaviors, as seen in Fig. S5.1 The samples
with deposited contacts on their backsides could be made into
working electrodes by gluing them onto a piece of glass using
copper tape. On some samples silver paste was used to further
secure good contact between the copper and semiconductor.
The whole electrode was then covered in epoxy resin, apart from

This journal is © The Royal Society of Chemistry 2018
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the front surface of the semiconductor, which is supposed to be
in contact with the electrolyte.

4.2 Preparation of 3C-SiC(111) films

Bulk-like off-axis 3C-SiC(111) samples with a thickness of
~1 mm were grown on 4 degree off-axis 4H-SiC substrates
(SiCrystal) by the sublimation epitaxial growth technique.***
Then 300-400 um thick free-standing 3C-SiC layers were ob-
tained by polishing away the 4H-SiC substrates and the inter-
facial layer. To remove contaminants and oxide from the
surface, the 3C-SiC substrates were chemically cleaned using
acetone, ethanol, H,O : NH3 : H,O, (5:1: 1), H,O : HCI : H,0,
(6:1:1), hydrofluoric acid (HF) and water. For making ohmic
contact, 200 nm aluminum was deposited on the backside of
each 3C-SiC sample by similar thermal evaporation.

4.3 Materials characterization

A Nicolet iS50FT-IR spectrometer was used to in situ record
diffuse reflectance FTIR spectra on SiC. A contact angle goni-
ometer (OCA-20, DataPhysics, Germany) was adopted to
measure the water contact angles on SiC surfaces. The phase
structure of SiC was studied by powder X-ray diffraction (XRD)
on a Rigaku D/MAX-RB diffractometer. Photo-generated O, and
H, were detected using a GC equipped with a mass spectrom-
eter (Trace 1300-ISQ, Thermo). The surface topography of Si-
and C-terminated samples was characterized with a 5 x 5 pm?
area using an atomic force microscope (AFM) in tapping mode.
Electron-stimulated desorption (ESD) was carried out in an
ultrahigh vacuum chamber (3 x 10~'" mbar), equipped with
a low-energy electron gun (100 eV), a mass spectrometer and
a molecular beam for water (H,0/D,0) deposition on the SiC
substrate. Each individual scan on the SiC substrate was per-
formed for 1 s, delivering a fluence around 3 x 10" e~ per cm?.
For photon-simulated desorption (PSD) measurement, an Hg
lamp with a 400 nm short-pass filter (>400 nm light was cut off)
was used that did not remarkably influence the temperature of
the SiC substrate.

4.4 PEC measurement

The PEC setup consisted of a cell with a quartz window on its
side and a lid with several holder positions for electrodes.
Unless otherwise stated, 0.5 M Na,SO, solution of pH 6.8 was
used as the electrolyte and 410 nm monochromatic light was
used as the light source. Through the lid the electrodes were
placed, the working electrode facing the quartz window, and the
counter and reference electrodes close by. A Pt electrode was
used as the counter and the Ag/AgCl was used as the reference
electrode. J-V curves were measured using a scan rate of 10 mV
s~ and RHE was calculated using the Nernstian relation Vgyg =
Vagiagcl T 0.0591 pH + 0.1976 V. Before the measurement, the
electrolyte was purged with Ar for 0.5 h to remove the dissolved
0,. For the isotopic labelling experiment, D,O was used as the
solvent and NaOD was used to adjust the pH of the electrolyte.
To determine the ABPE, a two-electrode system (working elec-
trode and counter electrode) was used. The solar conversion
efficiency of PEC water oxidation was also evaluated using ABPE

This journal is © The Royal Society of Chemistry 2018
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in a strict two electrode system according to the following
equation:

|Jon| (MA em?) x (1.23 = [V3]) (V)

ABPE =
P (mW cm™2)

where J,,p, is the photocurrent density obtained under an applied
bias V}, between the SiC electrode and the Pt counter electrode,
1.23 V is the standard water splitting reaction potential and
Pyorar is the incident light intensity of 410 nm monochromatic
light (30 mW cm™2).

4.5 Theoretical calculations

All the above calculations were performed using the first-
principles density functional theory (DFT) + U calculations
with the exchange-correlation energy functional, which were
described by the generalized gradient approximation with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tion.* The projector augmented wave (PAW) method was
applied to describe electron—-ion interactions with a plane-wave
cutoff energy of 400 eV.**® In our simulations, the (2 X 2)
supercells with a vacuum thickness of 20 A were built for Si- and
C-terminated SiC surfaces, respectively. For optimization
calculations, the energy and force converged to 10> eV per
atom and 0.02 eV A~*. A Monkhorst-Pack mesh was assigned as
5 x 3 x 1.% Transition states were determined by the nudged
elastic band (NEB) method.**** The interaction energy of the
adsorbate water on the SiC surface was calculated as: AE =
E(H,0/SiC) — E(SiC) — E(H,0). E(H,0/SiC) is the total energy of
the water adsorbed SiC system. E(SiC) and E(H,O) are the
energies of isolated SiC and H,O respectively. The charge
density difference was calculated as: Ap = p(H,O/SiC) — p(H,0)
— p(SiC). p(H,O/SiC) is the density of the water adsorbed SiC
system. p(H,0) and p(SiC) are the densities of the two isolated
subsystems.
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