ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Tuning the anisotropic facet of Cu,O single-

{ ") Check for updates ‘
crystals for photocarrier spatial segregation

Cite this: DOI: 10.1039/d5sc07288c

Shuo Tian,® Yunsen Wang,? Shuyun Chen,? Zhichao Yu,? Di Wu,? Jiao Qin,?
Dianyong Tang*® and Dianping Tang (2 *@

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Precise design of anisotropic facets is a key strategy for modulating semiconductor photoelectrochemical
(PEC) performance, but it still faces significant challenges. In this work, we proposed an approach to
modulate Cu,O photoelectrodes based on triple engineering, including morphology, defect state, and
crystal facet engineering, which promoted photocarrier separation through rational design of anisotropic
facets. By controlling the precursors, six Cu,O photoelectrodes with anisotropic facet structures and
different oxygen vacancy (Oy) contents were obtained. The prepared Cu,O photoelectrodes exhibited
significant negative photocurrent responses to H,O, catalyzed by the sandwich immunoenzyme, which
enabled the development of a PEC immunoassay for the sensitive detection of carcinoembryonic
antigen (CEA). The anisotropic separation of photocarriers and the highly selective recognition of target
molecules could be effectively achieved by optimizing the ratio of facets exposed and the facets with

characteristic adsorption. Combined with density functional theory (DFT) calculations, the electronic
Received 20th September 2025 truct h teristi d ohot er t fer behavi f anisotropic facets h b . tigated
Accepted 25th Novernber 2025 structure characteristics and photocarrier transfer behavior of anisotropic facets have been investigated,
elucidating the critical role of crystal facet engineering in promoting the anisotropic separation of

DOI: 10.1039/d55c07288¢ photocarriers and modulating the kinetics of surface reactions. This work provides an innovative
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Introduction

Photoelectrochemistry (PEC), as an emerging and rapidly
developing analytical technique, has won widespread attention
due to its advantages of high sensitivity, low background signal,
and device miniaturization."* The photoelectric conversion
efficiency is the core index that determines the performance of
PEC analysis.>® In addition to the energy band structure,
achieving efficient photogenerated carrier separation is also the
key to improving the photoelectric conversion efficiency.”
However, photocarriers involve complex processes such as
charge separation, migration, complexation, and surface reac-
tions on time scales spanning femtoseconds to seconds,
resulting in low concentrations of photocarriers arriving at the
surface and kinetically retarded interfacial redox reactions.®®
Various strategies have been developed to improve the separa-
tion efficiency of photocarriers, including the construction of
heterojunctions, co-catalyst modification, defect modulation,
and crystal facet engineering.'***
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engineering strategy for the development of PEC sensors with high photoelectric conversion efficiency.

Crystal facet engineering is used to optimize the physico-
chemical properties of crystals by precisely regulating the
exposure, arrangement, and surface properties of specific
crystal facets.’® Due to the different arrangement of atoms in
different crystal facets, crystal facet engineering endows crystals
with anisotropic features, which are expressed explicitly as:
anisotropic surface electronic structure, anisotropic surface
built-in electric field, anisotropic molecular adsorption, aniso-
tropic ~ photoactivity, = and  anisotropic = photocarrier
separation.”* Among them, the anisotropic crystal facet could
induce spontaneous polarization inside the photoelectric
material, forming a built-in electric field to drive the photo-
carriers to achieve anisotropic segregation and migration.”>*
For example, it was found that SrTiO; single crystals enable the
effective anisotropic separation of photoexcited electron-hole
pairs between {100} and {111} facets, and that the rate of pho-
tocatalytic hydrogen precipitation was much higher for aniso-
tropic faceted SrTiO; than for isotropic faceted SrTiO;.>* Kong's
group has realized the unassisted charging of zinc-air batteries
by investigating anisotropic photocarrier separation on a series
of representative semiconductors.”® Although existing studies
have revealed the critical role of anisotropic facets in the regu-
lation of photoelectric properties, the mechanism by which they
affect the photocarrier has not been clarified.** Meanwhile,
realizing the precise regulation and functionalized modification
of anisotropic facets remains a core challenge.
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The introduction of cutting-edge computational methods
provides a revolutionary tool to solve the above challenges.>”>°
First-principles calculations based on density functional theory
(DFT) enable accurate evaluation of the core properties of
anisotropic facets, encompassing not only thermodynamic
parameters and kinetic behaviour but also electronic structure
characteristics such as band structure, electronic localization
function, and surface work function.**** For example, Dong's
group designed and synthesized uniform all-inorganic CsPbBr;
cubic/tetrahedral single-crystals with surface anisotropy. Theo-
retical calculations confirmed that the anisotropy difference
directly affects the performance of the optoelectronic device,
essentially improving light harvesting and carrier transport.*
The close combination of experimental studies and theoretical
calculations has deeply decoded the mechanism of action
between anisotropic facets and photocarriers.*® The in-depth
exploration of this interdisciplinary research lays the founda-
tion for the precise modulation of optoelectronic performance
using anisotropic crystal facet engineering, leading the research
towards a new level of intelligent design.

Herein, we proposed a method for crystal facet engineering
to modulate semiconductor photoelectrodes, which promoted
the spatial separation of photocarriers by rationally designing
the anisotropic facets of Cu,O single-crystals (Scheme 1). Six
anisotropic Cu,O photoelectrodes with tunable structural
symmetry and precisely controlled exposed {100}/{111} facets
were successfully synthesized by tuning the ratio of precursors
and morphological tailoring. It is shown that an appropriate
exposure ratio of {100} and {111} facets could effectively
promote the separation and migration of photocarriers on the
anisotropic facets, thus significantly enhancing the sensing
performance. The prepared Cu,O photoelectrodes exhibited
significant negative photocurrent responses to H,O, catalysed
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Scheme 1 Schematic illustration of tuning the anisotropic facet of
Cu,O single-crystals for photocarrier spatial segregation-based
photoelectrochemical immunoassay.
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by the sandwich immunoenzyme, which enabled the develop-
ment of a PEC immunosensor for sensitive detection of carci-
noembryonic antigen (CEA). The electronic structure
characteristics of the anisotropic surface and the surface reac-
tion mechanism were described by combining experimental
validation with DFT calculations. In this study, the mechanism
of anisotropic facets regulating the anisotropic separation of
photocarriers was essentially elucidated by modelling the
regulation of atomic configuration-electronic structure-carrier
separation on the surface. It not only provides a new perspective
for optimizing the photoelectric conversion efficiency through
crystal facet engineering, but also lays down the theoretical
support and design basis for the development of highly sensi-
tive and anti-interference PEC sensors.

Results and discussion
Characterization of x-Cu,O

By introducing the surfactant polyvinylpyrrolidone (PVP), six
anisotropic Cu,O photoelectrodes with tunable structural
symmetry and precisely controlled exposed {100}/{111} facets were
successfully prepared. Regulating PVP concentration enabled
precise control over the exposure ratio of specific crystal facets.*
The regulatory mechanism of PVP concentration on anisotropic
crystal facet exposure was thoroughly investigated. As depicted in
Fig. S1, with increasing PVP dosage, the morphology of Cu,O
crystals gradually evolved from cubic (predominantly exposing the
{100} facet) to octahedral (predominantly exposing the {111}
facet). In the absence of PVP, the {111} facet exhibited faster
growth kinetics due to its higher surface energy, forming a ther-
modynamically stable cubic morphology. Upon PVP introduction,

t,-Cu,0

@

t,-Cu,0
111}

(4) <,
t;,-Cu,0

(5) {111}
t,-Cu,0

(6) {111}
0-Cu,0 2
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Fig. 1 (A) Chemical structure of PVP. (B) Adsorption of PVP on the

crystal facets of Cu,O. (C) (al-a6) structural models, (b1-b6) SEM
images, (c1-c6) HRTEM images, and (e1l—e6) total element distribution
images and single element mapping distribution of c-Cu,O, t;_4-
Cu,0, and o-Cu,0.
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the oxygen atom within the negatively charged carbonyl (C=0)
group of PVP molecules could bind to Cu' ions exposed on the
{111} facet, enhancing crystal surface stability (Fig. 1A).*® As
depicted in Fig. 1B, PVP preferentially adsorbed onto the {111}
facet, enabling precise regulation of the {100}/{111} facet exposure
ratio by suppressing growth kinetics on the {111} facet. With
increasing PVP concentration, the proportion of {111} facet area
progressively expanded until complete exposure was achieved,
driving the morphology to evolve from cubic to asymptotically
truncated polyhedral and octahedra (Fig. S2). During the post-
synthesis treatment process, the desorption of PVP led to the
exposure of unsaturated Cu coordination sites on the Cu,O
surface, commonly referred to as oxygen vacancies (Oys). As PVP
concentration variations modulated differences in atomic
arrangement across crystal facets, the Oy concentration also
exhibited an evolution corresponding to the crystal facet changes.

Fig. 1C(a1-a6) and S3-S8 show the structural models and
unfolded diagrams of six different morphologies of Cu,O crys-
tals, respectively. Cubic Cu,O (c-Cu,O) consisted entirely of the
{100} facets, octahedral Cu,O (0-Cu,O) consisted entirely of the
{111} facets, and truncated-polyhedron Cu,O (t;_4-Cu,O) con-
sisted of the {100} facets and the {111} facets, which were exposed
at different ratios. The morphologies and microstructures of c-
Cu,0, t;_4-Cu,0, and 0-Cu,O were observed by scanning electron
microscopy (SEM) (Fig. 1C(b1-b6)) and high-resolution trans-
mission electron microscopy (HRTEM) (Fig. 1C(c1-c6)). The
multi-particle TEM images are shown in Fig. S9. Unsurprisingly,
the synthesized c¢-Cu,0, t-Cu,O, and 0-Cu,O nanostructures
exhibited cubic, asymptotically truncated polyhedral, and octa-
hedral morphological features, respectively. As shown in
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Fig. 1C(d1-d6), the lattice stripes were clear and well-defined,
matching the crystals. The lattice spacing was 0.212 nm, which
corresponds to the {100} facet of Cu,O. The lattice spacing was
0.242 nm, which corresponds to the {111} facet of Cu,O.
Elemental mapping confirms that Cu and O elements were
uniformly distributed in all crystals (Fig. 1C(e1-€6)).

The crystal structures of c-Cu,O0, t; _4-Cu,0, and 0-Cu,O were
determined using X-ray diffraction (XRD). As demonstrated in
Fig. 2A, all six products were pure, single-phase Cu,O, with
characteristic diffraction peaks matching the standard JCPDS
card (No. 78-2076). It should be noted that the absence of the
{100} diffraction peak in the XRD pattern of Cu,O crystals was
due to systematic absence caused by the symmetry of its crystal
structure.* The {100} facet (2 = 1, k = 0, [ = 0) violated both the
parity rule (mixed odd/even indices) and the sum rule (A +k+1=
odd), leading to systematic absence. In addition, the {111}
diffraction peak intensity of 0-Cu,O was higher than that of c-
Cu,0 and t; ,-Cu,O. The relative intensity of diffraction peaks
in the samples, as calculated, is shown in Fig. 2B.

The elemental compositions and chemical states of c-Cu,O,
t;1-4-Cu,0, and 0-Cu,O were analysed using X-ray photoelectron
spectroscopy (XPS). The survey spectra showed the presence of Cu,
O, and C elements (Fig. 2C). In the Cu 2p spectra, two peaks
located at 932.5 and 952.5 eV were attributed to Cu 2p;/, and Cu
2p1s, respectively, which confirmed the presence of the Cu
element in Cu,O in the Cu’ dominant state (Fig. 2D). In the O 1s
spectra, the two peaks located at 530.45 and 532.37 eV were
attributed to lattice oxygen (Op) and Oy, respectively. The
formation of Oy was attributed to the unsaturated coordination
of Cu on the Cu,O surface, arising from the adsorption of Cu
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(A) XRD pattern. (B) Columnar distribution of relative intensities of statistical characteristic diffraction peaks. (C) XPS survey spectra, high-

resolution XPS spectra of (D) Cu 2p and (E) O 1s. (F) EPR spectra of c-Cu,O, t;_4-Cu,0O, and o-Cu,0.
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atoms onto PVP during Cu,O crystal growth.* The introduction of
PVP impeded {100} facet growth and displaced surface oxygen
termination groups. The presence of Oy, confirmed the successful
removal of PVP adsorbed onto the Cu,O surface. Among them, the
peak areas of the Oy showed a significant positive correlation
with the exposed area of the {111} facets in Cu,O (Fig. 2E).

The shift in the O 1s binding energy originated from the
facet-dependent surface electronic structure reconstruction.
The difference in coordination environments between the {111}
and {100} facets led to changes in the surface electronic states.

The electron paramagnetic resonance (EPR) technique
provided a key means of elucidating the distribution of defect
states in semiconductor materials, allowing precise resolution
of the electronic structure of Oy, and interstitial defects.?* The
presence and relative content of Oy, on the Cu,O surface were
verified using EPR. As shown in Fig. 2F, the c¢-Cu,0, t;_4-Cu,O0,
and 0-Cu,O samples all exhibited significant signal responses
around a g value of 2.003, corresponding to free electrons
trapped by surface Oys. In addition, the peak intensity of the Oy,
was positively correlated with the exposed area of the {111}
facets. Precise tuning of the exposure ratio of the crystal facet
could achieve the targeted optimization of the vacancy density
in Cu,0 and enhance the photoelectric conversion performance
of the photoelectrodes. The successful synthesis of anisotropic
Cu,0 single-crystals was confirmed by the above test methods.

Characterization of photoelectric conversion efficiency

To investigate the role of crystal facet engineering in modu-
lating the photoelectric conversion efficiency of Cu,O, transient
photocurrent testing of the photoelectrodes was performed. As
shown in Fig. 3A, the t,-Cu,O photoelectrode with highly
continuous anisotropic crystal facets exhibited the most excel-
lent photocurrent response. This is because the anisotropic
facets of the crystals could effectively promote the spatial
separation of photocarriers, which significantly enhanced the
photoelectric conversion efficiency of the material. To validate
the effectiveness of the detection strategy and advance the
construction of the PEC immunosensing platform. Six photo-
electrodes were tested for feasibility and their interactions with
H,0, were investigated. The photocurrent response of the t,-
Cu,0 photoelectrode was found to be significantly reduced. In
contrast, the other photoelectrodes did not respond signifi-
cantly to H,0, catalytically produced by sandwich immune
enzyme catalysis with a slight decrease in photocurrent signal
intensity, which could be attributed to the selective difference of
the anisotropic facets in recognizing the target molecules.

To further investigate the anisotropic facet optical properties
and electronic structure of the photoelectrodes, characteriza-
tion was performed using ultraviolet-visible diffuse reflectance
spectroscopy (UV-Vis DRS) and valence band X-ray photoelec-
tron spectroscopy (XPS-VB). UV-Vis DRS was performed using
a spectrophotometer equipped with an integrating sphere
accessory, with the absorption characteristics derived from
reflectance via the Kubelka-Munk function (Fig. S10 and 11). As
illustrated in Fig. 3B, all samples exhibited a broad absorption
range spanning from 200 nm to 570 nm. The contribution of
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monochromatic photon energy to photocurrent density was
evaluated by IPCE with the following formula:****

1240 % Jy,

IPCE =
A X Pyin

(1)
where [, is the photocurrent density at —0.20 V versus Ag/AgCl,
A is the wavelength of Xe-lamp monochromatic light, and P, ;,
represents incident optical power density (Table S1). As shown
in Fig. 3C, the IPCE value peaks at approximately 400 nm and
decreases significantly towards the visible region. Among these,
the t,-Cu,O photoelectrode with a highly continuous aniso-
tropic surface exhibited the highest IPCE value across the entire
tested wavelength range, confirming the enhancing effect of the
anisotropic facet on the photoelectric conversion efficiency
within the 400-550 nm wavelength range. To verify whether the
enhanced photocurrent originated from improved light
absorption, absorbed photon-to-current efficiency (APCE) was
evaluated using the following equation:**

IPCE
Nabs. (A)

APCE = (2)

Nabs. = (1 - 107(4)

where 7n,ps. is the light absorption efficiency, and A represents
the absorbance. As depicted in Fig. 3D, the sustained
enhancement of APCE for the t,-Cu,O photoelectrode across
400-550 nm confirmed the pivotal role of efficient photocarrier
separation in its photovoltaic performance. These findings
demonstrated that optimizing photocarrier separation kinetics
through anisotropic crystal facet modulation substantially
elevated photoelectric conversion efficiency. Compared with
other studies (Table S2), photoelectrodes engineered with
anisotropic facets exhibited superior PEC performance.

The forbidden bandwidth (E,) of the photoelectrodes was
determined using a Tauc plot based on the following equation:

(ahv)"" = A(hv — Ey)

where «, &, v, and A represent the absorption coefficient,
Planck's constant, frequency, and constant, respectively.
Considering that Cu,O is a direct bandgap semiconductor, n
takes the value of 0.5, and the E, of Cu,O is about 1.90 eV
(Fig. 3E). The XPS-VB spectrum reflects the position of the
valence band (VB) relative to the Fermi level (Eg).** As shown in
Fig. 3F, extending the straight portion near 0 eV intersected the
horizontal extension line, and the x-coordinate at this inter-
section point indicated the VB position. The relative position of
the Er was determined via electrochemical measurement of the
Mott-Schottky (MS) plot (Fig. 3G), thereby establishing the
position of the VB.** Subsequently, the position of the conduc-

tion band (CB) was calculated using the formula Ecg = Evg — Eq.

Possible sensing mechanism

Combined with these results, the energy band structure of Cu,O,
as well as the potential PEC immunoreaction mechanism, was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Photoelectric response curves, (B) UV-vis diffuse reflectance spectra, (C) IPCE plot, (D) APCE plot, (E) bandgap width spectra, (F) XPS-

VB spectra, and (G) Mott—Schottky plot of (a) c-Cu,O, (b) t;-Cu,O, (c) t,-Cu,0, (d) tz-Cu,0, (e) t4-Cu,0, and (f) o-Cu,O. (H) Possible sensing

mechanism.

determined (Fig. 3H). At the initial stage, dissolved oxygen in
solution captures electrons in the CB through a 4e™ transfer
process, generating a cathodic photocurrent. When the CEA was
present, a typical sandwich-type immunoreaction was performed
on a 96-well microtiter plate, where polyclonal secondary anti-
bodies coupled to gold nanoparticles labeled with glucose
oxidase (GOx-Au NPs-pAb,) and a monoclonal CEA capture
antibody (mAb; ) react with the target, and glucose oxidase (GOx)
catalyses the cleavage of glucose from the substrate to produce
H,0,. As the H,0, concentration increases, the reaction pathway
shifts, from the initial 4e™ process to 2e~ process, with a signifi-
cant decrease in the rate of electron consumption. This transition
led to an increase in the photocarrier complex efficiency, which
in turn triggers the attenuation of the photocurrent signal.

Anisotropy of photocarrier separation

The electron transfer mechanism of the anisotropic facets of Cu,O
during the PEC process was revealed by density-functional theory

© 2025 The Author(s). Published by the Royal Society of Chemistry

(DFT) calculations. First, the Cu,O bulk structure was optimized
(Fig. S12), according to which the cleavage facets of {100} and {111}
facets were constructed (Fig. 4A). The construction of the molec-
ular adsorption model was continued and the anisotropic crystal
surface was optimized (Fig. S13). To shed light on the reason why
anisotropic crystal facets promoted photocarrier separation, the
electronic energy band structures and density of state (DOS)
distributions of the {100} and {111} crystal facets of Cu,O were
compared (Fig. 4B-E). Although the theoretically calculated
bandgap values are usually lower than the experimentally
measured values, it was feasible to calculate relative bandgap
values using a consistent exchange-correlation function.” It was
confirmed that there was a significant band energy level difference
between {100} and {111} facets. The electron localization function
(ELF) could measure the degree of localization of electrons in
space, with values ranging from 0 to 1. A value of 1 indicates that
the electron is completely localized, while a value of 0 indicates
that the electron is completely delocalized. It was found that the

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07288c

Open Access Article. Published on 26 November 2025. Downloaded on 12/10/2025 10:56:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

7100} ! {100}
- - == - ==+ - - -|cBMm
{111}
_ 0.804 eV |E, O
S
E 0
—————— T ] | O ¢
----- ~Josssev. T VBM PO T VBM
c
© u I
Cu
() -1
F Q Z G G F Q 4
° (E)
© —— Total {100} —— Total {111}
——02p —02p
H ——Cu4s ——Cuds
Cu3d Cu 3d
M/\\M/\ |
o
a
-5 0 5 -5 0
111
(H) {11} (I) Energy (eV) (J) Energy (eV)
10 10 >‘10
Vacuum level {100} o &
Vacuum level o [4 s 9
_ o ! ®=5548 eV 0 I 0= 4.694 eV £ .
> Fermi level > i ° _-7
o ermi levp a Fermi level 36 2
510 g e ’
£ 10 £-10 £ e 8.4 times
2 2 S 4 , "
I K s /7 et tmes
-20 4 20 =
o |
% v
30 .30 =0 electric fields
Z axis Direction Z axis Direction 0-Cu,0 c-Cu,0 t,-Cu,0

Fig. 4 Photocarrier anisotropic separation among {100} and {111} facets. (A) Crystal facet models of {100} and {111} facets. Electronic band
structures of (B) {100} and (C) {111} facets (CBM: Conduction Band Minimum; VBM: Valance Band Maximum). Density of states of (D) {100} and (E)
{111} facets (the Fermi level is set to O eV). Electron localization function of (F) {100} and (G) {111} facets. Work functions of (H) {100} and (I) {111}
facets. (J) Internal electric field intensity of 0-Cu,O, c-Cu,0O, and t,-Cu,O (assuming the intensity of o-Cu,O to be "1"). (K) Schematic illustration
of photocarrier separation driven by built-in electric fields at the cross-section of the Cu,O crystal.

{100} facet showed a higher degree of electron localization, while
the {111} facet exhibited a higher electron delocalization feature.
The higher the degree of electron delocalization, the weaker the
electron was bound and the stronger the ability to polarize its
motion. Therefore, electrons were more easily spilled from the
{111} facet (Fig. 4F andG). The work function (@) could be used as
a basis for judging the direction of the built-in electric field formed
between the crystal facets, and the electrons tended to migrate
from the surface with a lower @ to the surface with a higher ¢.%
Therefore, electrons on the {111} facet (¢ = 4.694 eV) would
migrate to the {100} facet (® = 5.548 eV) until the Fermi energy
levels equilibrate, forming a stable built-in electric field in the
{111}{100} direction (Fig. 4H and I). The built-in electric field
reflected the strength of the charge separation drive, which was
assessed by surface voltage and surface charge density studies
(Fig. S14-16).**®* The computational results showed that t,-Cu,O
exhibits the strong built-in electric field compared with o-Cu,O
and c-Cu,O, which provided a strong driving force to realize
effective charge separation and migration between anisotropic
crystal facets (Fig. 4]). This indicated that the photogenerated
electrons and holes tended to migrate toward the {100} and {111}
facets, respectively, driven by the built-in electric field (Fig. 4K).

Anisotropy of molecular adsorption

During the PEC reaction, molecules in solution were adsorbed
on the semiconductor surface for redox reactions with

Chem. Sci.

photogenerated electrons or holes. Therefore, the effective
adsorption of molecules was the key link for the PEC reaction to
be carried out smoothly. The adsorption of molecules on
different crystal facets varies due to the various arrangements of
surface atoms on different crystal facets.” Theoretical calcula-
tions enabled an in-depth investigation of the interactions
between molecules and semiconductor surfaces. Fig. 5A pres-
ents the most stable structure formed by the anisotropic facets
upon the adsorption of O, and H,0,. The difference in
adsorption energies of H,O, and O, on the {100} and {111}
crystal facets of Cu,O was further compared (Fig. 5B). The
results showed that both molecules could be spontaneously
adsorbed on the surface. Among them, O, adsorbed more
strongly on the {111} facets, while H,0, showed stronger
adsorption capacity on the {100} facets. It was inferred that the
{100} surface could adsorb and activate H,0, more efficiently
than the {111} surface during the PEC process, which in turn
created favourable conditions for the subsequent redox reac-
tions to proceed smoothly.

The charge distribution characteristics of the stable adsorp-
tion configurations were analysed by the charge density differ-
ence method. As shown in Fig. 5C, the molecular adsorption and
charge inflow (outflow) behaviours on the {100} and {111} facets
are depicted, respectively. Specifically, the yellow region (electron
depletion region) was distributed on the surface of Cu-O active
sites. In contrast, the blue region (electron accumulation region)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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variation of electron transfer number along the c-axis of the cell as a function of distance.

was concentrated on the adsorbed molecules. This phenomenon
suggested that O, and H,0, acted as electron acceptors in the
reaction, and electrons flowed from the material surface to the
adsorbed molecules, which in turn drove carrier transport. The
molecular adsorption properties on anisotropic facets were
determined by combining differential images at specific angles. A
more detailed analysis of the interfacial electron transfer behav-
iour along the c-axis direction in Fig. 5D revealed a significant
change in the electron transfer at the molecule-surface junction.
Specifically, there was a slight difference in charge transfer
between O, and H,0, on the {100} facet, whereas there was
a significant difference in charge transfer on the {111} facet,
which tended to adsorb O, more. This change plausibly
explained the more favourable adsorption behaviour of H,O, on
the {100} facet, confirming the key role of the anisotropic charge
transfer mechanism in modulating the reaction pathway.

Photocarrier spatial segregation-based immunoassay

Based on the above discussion, in this study, we constructed
a PEC biosensor using t,-Cu,O as a photoelectrode material to
enable sensitive detection of CEA. Quantitative analysis of the
target antigen CEA was performed using the developed PEC
biosensor under optimal experimental conditions. As shown in
Fig. 6A, the photocurrent response showed a gradual decay with
the gradual increase of CEA concentration. The photocurrent
signals recorded by the PEC biosensor showed a desirable linear
relationship with the CEA concentration in the logarithmic
interval of 0.01-50 ng mL™". The linear regression equation was
I(nA) = 0.1959 log Ccpa — 0.4554 (ng mL ™%, R* = 0.9960, 1 = 9)
(Fig. 6B), and the limit of detection (LOD) for CEA was calcu-
lated as 9.310 pg mL ™" (S/N = 3). In the presence of low target
concentrations, efficient photocarrier separation dominated by
anisotropic crystal facets enabled rapid charge migration at the
interface, yielding pronounced photocurrent spikes. At high

© 2025 The Author(s). Published by the Royal Society of Chemistry

target concentrations, redox reactions of the target substance
dominated charge transfer dynamics, resulting in significantly
attenuated spikes. Compared with other existing methods
(Table S3), the PEC biosensor developed showed significant
advantages in both the detection range and sensitivity.

Stability and specificity serve as critical metrics of sensor
performance.® The photocurrent response exhibited high
stability during 10 continuous light-on/off cycles in the presence
of 10 ng per mL CEA, with a relative standard deviation (RSD) of
2.45% (Fig. 6C). Given the susceptibility of Cu,O to photo-
corrosion, the long-term stability of the PEC biosensor under
illumination conditions was further evaluated. As shown in
Fig. S17 and 18, the Cu,O photoelectrode demonstrated excellent
cycling stability during 12 000 seconds light-on/off cycles and
maintained stability over a 10-day duration. Additionally, parallel
testing of five photoelectrodes incubated with 50 ng mL ™" of CEA
resulted in a RSD of 3.14%. The results indicated that the sensor
exhibited satisfactory reproducibility (Fig. 6D).

To assess the selectivity of the sensor, other common inter-
fering substances in serum samples, including alpha-
fetoprotein (AFP), prostate-specific antigen (PSA), and human
epidermal growth factor receptor 2 (HER2), were selected to
carry out interference experiments. As shown in Fig. 6E, the
photocurrent response generated by the sensor to the target
CEA was significantly reduced regardless of whether the target
CEA was present alone or coexisted with the interfering
substance, confirming exceptional selectivity.

To evaluate the practical performance of the PEC biosensor in
the detection of real samples, the same serum samples were
tested and compared with a commercially available CEA enzyme-
linked immunosorbent assay (ELISA) kit. The results showed that
the .., of all samples was less than 2.78 (Zcrito.05, 4 = 2.78) (Table
S4), indicating no significant difference between the two assays
for the detection of CEA. These findings collectively validated the
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mL~t CEA. (D) Reproducibility of the PEC biosensor after responding to CEA (50 ng mL™2). (E) Corresponding selectivity of the constructed PEC
biosensor for 50 ng mL~* CEA by comparing with interfering proteins added at the 5 pg mL™* level.

high accuracy and stability of the developed PEC biosensor,
highlighting its substantial potential for applications in early
cancer screening and health monitoring. The above findings
confirmed that the constructed PEC biosensor had high accuracy
and stability, and it showed a broad application prospect in the
field of early cancer screening and health monitoring.

Conclusions

In conclusion, we developed a triple engineering strategy for
Cu,0 photoelectrodes, which precisely controlled the anisotropy
of {100} and {111} facets by modulating the morphology structure
and the ratio of exposed crystal facets, and significantly improved
the PEC sensing performance. The prepared t,-Cu,O exhibited
excellent sensing properties, including high response and selec-
tivity, and exhibited a significant negative photocurrent response
to H,0, catalytically generated by the sandwich immunoenzyme,
and the PEC immunosensor was successfully constructed for the
sensitive detection of CEA. The energy level difference between
the {100} and {111} facets was utilized to form a built-in electric
field, which effectively drove the anisotropic separation and
migration of photocarriers. Combining experimental and theo-
retical calculations, the contribution of the anisotropic facets to
modulating the photocarrier transfer behaviour and surface
photochemical reactions was verified. This study demonstrates
the critical roles of morphological tailoring and anisotropic
crystal facet engineering in optimizing the PEC performance of
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semiconductors. It provides theoretical guidance and experi-
mental basis for a deeper understanding of the efficient separa-
tion mechanism of photocarriers.

Experimental
Synthesis of x-Cu,O

The synthesis of x-Cu,O was carried out based on published
literature, and the preparation procedure was described in
detail.”* First, X g of PVP and 90 mL of deionized water were added
to a beaker. Then, 10 mL of CuCl,-2H,0 solution (0.1 M) was
added to the beaker, followed by the gradual addition of 10 mL of
NaOH solution (2 M). After stirring for 30 min, 10 mL of ascorbic
acid solution (0.6 M) was added gradually and stirred for 3 h. The
reaction was continuously stirred at 55 °C throughout. Subse-
quently the product was then centrifuged and washed three times
with ionised water and three times with ethanol. The product was
dried at 60 °C for 5 h and the powder was collected. Finally, the x-
Cu,O powder was heated to 200 °C in a tube furnace to remove the
PVP from the surface at a temperature increase rate of 5 °C min ™.
The protective gas was a mixture of propylene (8%), oxygen (4%)
and nitrogen (88%). The reducing/oxidising gas mixture effec-
tively oxidises the PVP on the surface of Cu,O while preventing the
oxidation of Cu,O. Depending on the amount of PVP added, six
different samples were obtained, namely c-Cu,O (0 g PVP), t;-
Cu,0 (0.741 g PVP), t,-Cu,O (1.481 g PVP), t,-Cu,O (2.222 g PVP),
t4;-Cu,0 (3.704 g PVP), and 0-Cu,O (4.444 g PVP).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Immunoassay procedure

In this paper, t,-Cu,O was used as the photoelectrode material,
and combined with a sandwich immunoassay to catalyse
glucose to produce H,O, for achieving CEA detection. The
analytical platform consisted of t,-Cu,0O-modified fluorine-
doped tin oxide (FTO) electrodes, mAb;-coated microplates,
glucose oxidase and detection antibody-conjugated AuNPs
(GOx-Au NPs-pAb,) (SI). In the pre-prepared mAb,-coated
microtiter plates described above, standard concentrations of
analytes or treated real samples were added and incubated at
37 °C for 30 min. GOx-Au NPs-pAb, (50 puL, 1.0 mg mL ") was
introduced into the above to promote the formation of a sand-
wich immune complex. The microtiter plate was then washed
with PBS buffer solution (pH 7.4) to remove incompletely bound
non-specific complexes, followed by the addition of 5.0 mM
glucose solution (50 pL) to initiate the target catalytic reaction,
and incubated for an additional 30 min at 37 °C. As the catalytic
reaction proceeded, the substrate glucose was continuously
catalysed to generate H,0,. Finally, the product H,O, was
introduced into Na,SO, solution (0.1 M) and mixed thoroughly.
The photocurrent response was measured at 0 V potential using
t,-Cu,O as the working electrode and a 500 W xenon lamp as the
excitation light source.
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