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We demonstrate that the Ce reactivity of CeO, towards H,0, is
dictated by its local structure and electron density. More than
2400% increase in peroxidase-like activity has been achieved on the
(100) surface for glucose detection due to the promoted H,0,
adsorption and subsequent activation by the electron-rich Ce
species.

Nowadays, commercial glucose detection kits for clinical or
laboratory use are based on a well-established “enzymatic
assay” which involves two consecutive enzyme reactions. As
shown in Scheme 1a, the oxidation of glucose by the glucose
oxidase to produce H,0, (from the reduction of oxygen,
reaction 1), which in the second step, is reduced by horseradish
peroxidase (HRP) with the oxidation of dye to generate a colour
change (reaction Il). The colour change thus reflects glucose in
blood/solution, and its concentration can be obtained by the
intensity at a specific wavelength. Despite the wide use of this
commercial assay, the intrinsic drawback of natural enzyme is
the easy denaturation and high costs in both preparation and
purification. The use of natural enzymes in both portable
monitor and laboratory research kit has made their price widely
unaffordable. The progress of relevant research is thus severely
slowed down in the past decades.

Extensive efforts have been devoted to developing enzymes’
alternatives called enzymes”, which possess
advantages such as low-cost in mass production, simple

“artificial

storage, recyclability and pH/thermal stability. Among various
artificial enzymes, nanomaterial-based products have received
considerable attention over the past few years since the
discovery of Fe;04 nanoparticles with peroxidase-like activity.!
Since then, transition metal-based oxide nanomaterials (e.g.
Co30,4, Fe30,4, CuO and Ce0,), have been reported can mimic
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Scheme 1. The working principle of the colorimetric assay for glucose detection: (a)
Conventional “enzymatic assay” using Horseradish peroxidase (HRP) as the second
enzyme. (b) Using artificial nanozyme to mimic HRP in the second enzymatic reaction of
glucose detection (TMB: tetramethylbenzidine).

peroxidase (a.k.a. nanozymes) due to their switchable oxidation
states.2* The peroxidase mimicking activities are often
evaluated by the catalytic reaction between H,0, and
tetramethylbenzidine (TMB) (i.e. reaction Il in Scheme 1b). The
reduction of H,0, to H,O firstly catalyses the oxidation of
surface cation of nanozyme from M™ to M1+ The M(+1)+
subsequently oxidizes TMB to generate a colour change at 652
nm. The whole cycle can be completed by the regeneration of
M+ for the next catalytic cycle. Accordingly, the sensing of H,0,
(produced in reaction 1) by M"™ on the topmost surface of
nanozyme is believed the key to obtaining high glucose
sensitivity when HRP is replaced in the consecutive enzyme
reactions (Scheme 1b).

To achieve this goal, researchers have dedicated in the surface
engineering of nanozyme for high M™*/M("+1* ratio over the past
decade. Taking CeO, as an example, H,0, post-treatment on
pristine CeO, sphere has been adopted to tune surface
Ce3*/Ce** ratio by reducing Ce* to Ce3*.>® Qu et al. reported
another effective method to enhance the surface Ce3*/Ce*
ratio by treating CeO, rod hydrothermally with water at 160
°C.7-? The Ce3* fraction of the resulting porous CeO, rod was
found doubled and plays a key role in mimicking not only
peroxidase’ but also phosphatase® and photolyase.’ However,
only a little enhancement (< 200%) in the peroxidase-like
activity of CeO, was achieved after those post-treatments over
the past years.>™11

Since the oxidation of TMB (i.e. the colour indicator) is initiated
by H,0,; sensing at the surface of CeO, nanozyme, the chemical
state of surface Ce can thus affect its peroxidase-like activity.
This factor can be fine-tuned on pristine CeO, by exposing
different facets.'?13 Figure 1 shows three surface structures of
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Figure 1. Surface crystallographic CeO,(111), Ce0,(110) and Ce0Q,(100) structures. The
number labelled on Ce atom shows its coordination number. Middle row: the difference
in electron density between saturated Ce in bulk (8 coordination) and surface
unsaturated Ce on CeO, facets. Noted that the electron density of 7-coordinated Ce on
Ce0,(111) was set at 0.0000 for comparison (see Sl for details).

most common CeO, facets. The atomic arrangement and
coordination environment of surface Ce atoms are different on
the (111), (110) and (100) facets. The difference in electron
density between Ce in bulk (8 coordination; Ce-O) and surface
unsaturated Ce was further compared in the bottom row of
Figure 1. Since the Ce atom with lower coordination number
should possess higher electron density, the 6-coordinated Ce on
both Ce0,(110) and Ce0,(100) shows higher electron density
than the 7-coordinated Ce on Ce0,(111) as expected. However,
itis interesting that Ce on Ce0,(100) has higher electron density
than its counterpart on Ce0,(110) presumably due to the
relaxation of this high-energy facet.'>13 According to above
structural analysis, the electron density of surface Ce atoms is
demonstrated to change “continuously” with the atomic
arrangement and coordination environment of their host
surfaces in the order of (100) > (110) > (111).

To experimentally evaluate the role of Ce electron density in
peroxidase mimicking, CeO, octahedron, rod and cube majorly
terminated (111), (110) and (100) facets were prepared based
on methods adopted in literature.'* The shape and size of the
as-prepared CeO, samples were characterized by transmission
electron microscopy (TEM). Figure 2a shows CeO, octahedron
with a narrow size distribution between 15 and 20 nm. The rod-
shaped CeO; has a diameter of 10 nm and length up to 200 nm
(Figure 2b). A relatively wider size distribution can be observed
for CeO, cube with lateral length ranging from 20 to 50 nm
(Figure 2c). High-resolution TEM (HRTEM) characterization was
further carried out on three CeO, shapes (Figure S1) to confirm
the preferential exposure of the targeted facets. Even though
the surface of rod seems ill-defined (Figure S1b), we assume
herein the majority of rod surface is terminated by the (110)
facet as often assigned in literature.’>4 X-ray powder
diffraction (XRD) results of CeO, shapes in Figure S2 confirm
their fluorite structure (JCDPS no. 65-2795). According to the
surface area measurements (Table S1), rod-shaped CeO,
possesses the highest surface of 95 m?/g followed by
octahedron (46 m?/g) and cube (29 m?/g).

The peroxidase mimicking activity of CeO, shapes (i.e. reaction
Il in Scheme 1b) was then evaluated by the formation of TMB,,
with a colour change at 652 nm. As shown in Figure 2d, cube
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Figure 2. Transmission electron microscope (TEM) images of CeO, (a) octahedron, (b)
rod and (c) cube. The time-dependent peroxidase mimicking activity over CeO, shapes
with same tested (d) weight (i.e. 1 mg for each shape), (e) surface area (i.e. 2 mg for for
octahedron, 1 mg for rod and 3.3 mg for cube) and (f) corresponding first-order k
constants. Note that k,, and kg, represents the k constant of reaction carried out using
the same catalyst weight and surface area, respectively.

provides the highest activity among the three shapes followed
by rod and octahedron (1 mg of sample was tested). The
corresponding first-order rate constant ky; (x 10™* min~) was
calculated as: 25.3 for cube > 6.9 for rod > 2.7 for octahedron
(Figure 2f and Figure S3a). This order matches well with the
corresponding electron densities of Ce on CeO, facets as
predicted above (i.e. (100) > (110) > (111)), suggesting that the
reactivity of Ce could significantly vary with the hosted facet.
Since CeO, shapes possess different surface areas, they were
further tested under similar surface area for a better
comparison (i.e. 2 mg for octahedron, 1 mg for rod and 3.3 mg
for cube). As expected, cube again outperforms the other two
shapes (Figure 2e) with corresponding ks, constant (x 107*
min~1) in the order of 64.7 (cube) > 7.6 (rod) > 6.0 (octahedron)
(Figure 2f and Figure S3b). The peroxidase-like activity of CeO,
is thus shape-dependent and can enhance both k,; and kg,
constants by about 10 times, when the surface is changed from
octahedron (111) to cube (100). This result indicates that both
the local structure and electron density of Ce on pristine CeO,
can lead to a huge difference in their peroxidase-like activity.

However, very similar XPS Cesq results were obtained for CeO,
shapes (Figure 3a). We believe this is due to the photoelectrons
collected by XPS depending heavily on the electron escaping
depth. For example, the penetration depth for Cezq
photoelectrons with 550 eV kinetic energy has been reported to
penetrate > 5 nm from CeO, surface using commercial XPS
instrument.?> Considering the size of CeO, shapes used in this
study (Figure 2a—c), XPS Cesq signals from the topmost Ce atoms
(i.e. the active site) were significantly diluted. It thus makes no
sense to correlate the XPS results of a nanocrystal with catalytic
reactions that only involve active sites on its topmost surface.1®
Some literature even use Ce3*/Ce** ratio obtained from XPS
spectra deconvolution for quantitative correlation.>~1417-1% The
Ce3*/Ce** ratio for CeO, shapes was then calculated as: 0.15 for
octahedron, 0.25 for rod and 0.18 for cube (Table S1 & Figure
S4). It is understandable that Ce3* can reduce H,0, to H,0 easier
(cf. Ce**) and hence a higher Ce3*/Ce** ratio should offer a better
peroxidase mimicking activity. However, no such correlation
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Figure 3. (a) XPS Cesq and (b) TMP-3'P NMR spectra of CeO, shapes. (c) Correlation plot
of Ce electron density and [Ce]syace Of CeO, shapes with corresponding kc constant (1074
g*umol*min1) (i.e. derived from ky/[Celsurface)- (d) Comparison between the K, of H,0,
and TMB obtained by Michaelis-Menten analysis over CeO, shapes.

can be observed in Figure 2f. More importantly, we cannot
explain why the Ce3* portion of cube (15.44%) is very active
while it is inactive for octahedron with only 2% less of Ce3*
(13.37%). The discussion above on XPS strongly suggests that (1)
it is not sensitive to Ce (i.e. the active site) on the topmost
surface of CeO,, and (2) the chemical state of Ce cannot be
“discretely” classified into either 3+ or 4+. Unfortunately, most
researchers have failed to acknowledge both points during their
catalytic correlations, leading to different interpretations found
over the past decades.>417-1% Even though some literature
have employed Raman and infrared (IR) in combination with
surface probes such as MeOH,?° pyridine/CD;CN?! and CO?? to
study the topmost surface of CeO, shapes. Unfortunately, none
of above molecules can reveal the facet-electron density
relationship suggested above (i.e. (100) > (110) > (111)) since
they are too basic to distinguish Ce atoms among CeO, facets
by the given technique.?3

Phosphorus-containing molecule such as trimethylphosphine
(TMP) has been demonstrated a sensitive 3P NMR probe for
acidic study on various zeolite-derivatives since 1984.2327 The
coordination of TMP to a surface cation (i.e. Ce here) will
generate 3P signal with a chemical shift (63!P) between -20 to
-61 ppm depending on its acidity (or electron density). A more
acidic surface Ce interacts more strongly with the lone pair
electron of TMP and hence downshift the 631P, resulting in a
more positive shift. The TMP-31P NMR spectra of CeO, shapes in
Figure 3b clearly show that the electron density of surface Ce is
shape-dependent with decreased 3P shielding from -58 ppm
(cube), -47.5 ppm (rod) to —-33 ppm (octahedron). This order
matches perfectly the predicted electron density in Figure 1,
confirming the surface Ce has the highest electron density on
(100) facet while lowest on (111) facet.?’ This facet-dependent
electron density of surface Ce was visualized recently by a
STEM-EELS study that 3+-like Ce was found on (100) surface
while 4+-like Ce on that of (111) surface.?® Most importantly,
the descriptor (i.e. 8631P) can reveal the continuous change of Ce
electron density resulting from different atomic arrangements

This journal is © The Royal Society of Chemistry 20xx
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and coordination environments among CeO, surfages;(Eigure
1). DOI: 10.1039/D0CC02351E
Thanks to the quantitative nature of NMR, the concentration of
surface Ce ([Celsurface) Was obtained by the amount of surface
adsorbed TMP (Table S1). Interestingly, the sample with a high
surface area does not guarantee high concentration of active
sites. Since [Ce]surface (Table S1) shows an inverse trend to both
kwt and ks, (Figure 2f), the [Celsurace iS thus not the key factor
affecting the observed mimicking activity among CeO, shapes.
Instead, all evidences suggest that the surface Ce with higher
electron density can facilitate H,O, reduction and hence
accelerate the reaction Il in Scheme 1b. To study the electron
density-reactivity correlation of surface Ce, the ky: was further
normalized by [Ce]surace (denoted as k¢) in Figure 3c. The k.
constant (10 g-umol=t-min~t), which represents the specific
reactivity of surface Ce, was then calculated as 5 for
octahedron, 18.6 for rod and 120.5 for cube. It is surprising that
370% and 2400% increase in corresponding k. can be achieved
when the electron density of Ce is tuned by simply changing its
host surface from (111) to (110) and (100).

Michaelis—Menten analysis on CeO, shapes was then carried
out to study the affinity of reactant molecules (i.e. H,O, (Figure
S5a) and TMB (Figure S5b)) as a function of their concentration.
A series of Michaelis constants (K,) and maximum initial
reaction rates (Vmax) Were summarized in Table S2. In general, a
higher K., value indicates a lower affinity of substrate to
catalyst, hence a lower mimicking activity.=* As expected, H,0,
and TMB both exhibit the lowest affinity to CeO, octahedron
followed by rod and cube with decreasing K, value (Figure 3d).
Even though the rod shows comparable TMB K, with the cube,
its low peroxidase-like activity (Figure 2f) can be attributed to
the low H,0, affinity of rod surface (same as the octahedron).
This result thus suggests that the sensing of H,0, by CeO,
surface is the key step (cf. TMB) dictating its mimicking activity.
Similar explanation can be extended to other metal oxides such
as Fe304, Co30,4 and CuO listed in Table S3. Although TMB shows
the lowest affinity to CeO, cube (i.e. the highest in TMB K,)
among them, its highest H, O, affinity (i.e. the lowest in H,0; K,,))
suggests that CeO, cube can be the best candidate as
peroxidase mimetics among the listed metal oxides.

The interplay between H,0, and CeO, surface was then divided
into two steps for further investigation: (1) the adsorption of
H,0, at CeO, surface and (2) subsequent H,0, activation by the
surface Ce. Different adsorption configurations of H,O, were
obtained among CeO, surfaces in our calculation (Figure S6)
with E 4 —0.68 eV for (111), -1.00 eV for (110) and -1.83 eV for
(100). The most negative E,4 of H,O, obtained on (100) surface
can be attributed to the sharing of one H,0, oxygen by two
structural Ce atoms. Since surface peroxide species give a
Raman signal at 870 cm™, in-situ Raman spectroscopy was
carried out to monitor the activation of adsorbed H,0, at CeO,
surface (i.e. step (2)). As shown in Figure S7, this signal almost
disappears after 16 mins for cube, while around 70% of this
signal remains for octahedron after 30 mins of reaction. Linear
sweep voltammetry (LSV) in Figure S8 also confirms that the
cube can provide higher current at any given voltage (> 1.75 V)
among Ce0, shapes due to surface electron-rich Ce species.

J. Name., 2013, 00, 1-3 | 3
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Fig:;e 4. (a) Selectivity test of different solutions using CeO, octahedron (left, red
highlighted) and CeO, cube (right, blue highlighted) as peroxidase mimetics. A and A, are
corresponding absorbance and the absorbance of blank contrast at 652 nm. (b)
Comparison of the obtained glucose level in serum samples by commercial glucose assay
kit (see picture inside) (method A, Scheme 1a) and using CeO, cube as peroxidase
mimetics (method B, Scheme 1b). Note that all error bars in this figure show the standard
deviations of three replicates.

Accordingly, the O-0 bond of the adsorbed H,0, can be easily
activated and reduced by the electron-rich Ce atom on (100)
surface but not for its counterpart on (111) surface with a lower
electron density. Since CeO, nanozyme without shape control
preferentially exposes (111) surface, this may explain why
limited enhancements in Ce reactivity (< 200%) were often
obtained in literature even after surface modifications.>!

The detection limit of H,0,/glucose and the corresponding
linear range were further evaluated over CeO, octahedron and
cube in Figure S9 and Table S4 (same weight of catalyst was
used). Note that the cube with one-third of [Ce]syrface (Cf.
octahedron) (Table S1) can provide not only lower H,0,/glucose
detection limit (more than four times) but also a wider linear
range (more than five times). CeO, cube also outperforms other
metal oxides in literature by providing lower detection limit and
wider linear range (Table S5). Selectivity test carried out in
Figure 4a further demonstrates that CeO, cube can provide very
high glucose selectivity in the consecutive enzyme reactions as
peroxidase mimetics. We then examined the feasibility of
replacing natural peroxidase enzyme by the CeO, cube in the
enzymatic assay (Scheme 1) according to the obtained glucose
level in serum samples. The testing results of commercial
human serum, horse serum and fetal bovine serum, namely
serum 1, serum 2 and serum 3, were summarized in Figure 4b
and Table S6. A very close glucose level with acceptable relative
standard deviation (RSD) can be observed for all three serum
samples using a commercial glucose assay kit (method A) and
CeO, cube as peroxidase mimetics (method B). A nearly 100%
recovery can be achieved for serum samples by these two
methods (Table S6), indicating that the replacing of natural
peroxidase enzyme by CeO, cube is technically feasible.

To summarize, we have unravelled the origin of pristine CeO, as
peroxidase mimetics and demonstrated that the atomic
arrangement of surface Ce and its chemical state are both
critically affecting mimicking activity. The Ce0,(100) surface can
efficiently facilitate H,O, adsorption and subsequent activation,
providing comparable H,0,/glucose sensitivity as natural
peroxidase used in a glucose assay kit. Most importantly, we
showed that the factor of the surface area only matters when
surface Ce can activate the adsorbed H,0,. This study thus
highlights the importance of surface understanding of even a
pristine material can be more critical than the continuous
development of its fancy derivatives without a clear guidance.
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