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ABSTRACT: The development of nanozymes with
excellent intrinsic oxidase-like activity and specificity has
received increasing interest. Graphdiyne (GDY) could be
a promising choice for designing nanozymes with
enhanced oxidase (OXD)-like activity due to its unique
structure and properties. Herein, Co-N-GDY with high
OXD activity but no peroxidase (POD) activity was
synthesized by codoping of cobalt (Co) and nitrogen (N)
into GDY and compared with other GDY-based
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nanozymes (including GDY, Co-GDY, and N-GDY). Upon analyzing the doping effect of Co and N on the OXD-like and
POD-like activities, we found that the combination of Co and N in GDY played a significant role in enhancing the OXD-like
activity, and even reversed the POD-like activity of N-GDY to OXD-like activity of Co-N-GDY. The electrochemical
experiment and the theoretical calculations provided an explanation for the mechanism and showed that the activity was
closely linked to the reduction ability of O, or H,O, on the nanozyme substrates, which was determined by the rate-

determining step of the catalytic reaction.

KEYWORDS: nanozymes, oxidase-like activity, graphdiyne, heteroatom doping, regulation

1 Introduction

Since the discovery of peroxidase (POD) mimic activity of Fe;O,
nanoparticles [1], nanomaterials with enzyme-like catalytic
properties, named nanozymes, have attracted great attention due to
their unique advantages such as high stability, easy large-scale
production, and tunable structure and catalytic activity [2]. Till
now, various nanomaterials have been developed to mimic the
catalytic activity of natural enzymes, containing POD, oxidase
(OXD), superoxide dismutase (SOD), and catalase (CAT), which
are the most explored types of enzyme-like catalysis [3]. Typically,
both POD and OXD are often used as pro-oxidant enzymes in
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many applications such as sensing, antitumor activity, antibacterial
activity, and wastewater treatment [4]. Due to the destructive strong
oxidizability and low stability of H,O, as the substrate of POD,
some attention of researchers is drawn to OXD-like nanozymes
because of their efficient and selective utilization of oxygen.
However, nanozymes are less specific than natural enzymes, and
they may exhibit multi-enzyme activities, such as OXD/POD-like
[5, 6], OXD/POD/CAT-like [7, 8], OXD/POD/SOD-like [9], and
even OXD/POD/CAT/SOD-like activities [10-12]. Although
multiple enzyme-like activities can be utilized through cascade
reactions in some fields, the selective reaction specificity of
nanozymes is very important, since the lack of specificity may lead
to the production of harmful byproducts during the reaction
process [13]. Generally, the catalytic reactions of OXD and POD are
enhanced under acidic conditions, while those of SOD and CAT
are favored under neutral or alkaline conditions [14, 15]. Thus, the
activity of OXD-like nanozymes can be regulated by the external
environment such as pH to differentiate them from CAT- and SOD-
like activities, but distinguishing them from POD-like activity may
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be more challenging. Hence, it is necessary to develop nanozymes
with excellent intrinsic OXD-like specificity.

Graphdiyne (GDY), with large surface area, sp- and sp>hybrid
carbon atoms, uniformly distributed pores, and excellent electronic
conductivity, especially highly reactive acetylene units, could be a
promising choice for designing nanozymes with enhanced OXD-
like specificity. However, most of GDY-based nanozymes reported
are peroxidase mimics [16—20]. Several strategies have been
developed to improve the catalytic specificity of nanozymes, such as
active site engineering, structure engineering, doping engineering,
and surface modification [21]. Among them, heteroatom doping is
an attractive strategy to enhance the activity and specificity of
nanozymes due to its effectiveness, simplicity, and the wide variety
of doping elements [22, 23]. For GDY-based nanozymes,
heteroatoms such as N, B, O, and S have been used to improve their
POD-like activity [24—-26]. However, there is still a lack of research
on the regulation of intrinsic OXD-like specificity of GDY-based
nanozymes by heteroatom doping. Furthermore, the regulation
mechanism of heteroatom doping on the enzyme catalytic reaction
specificity is not very clear yet.

In this work, Co-N-GDY nanozyme with enhanced OXD-like
activity was synthesized by codoping Co and N into GDY using
melamine as N source and CoCl,.6H,0 as Co source. The
regulation effect of heteroatom doping on the OXD-like and POD-
like activities of GDY-based nanozymes strategy was explored by
comparing the OXD-like and POD-like activities between Co-N-
GDY and other GDY-based nanozymes (GDY, Co-GDY, N-GDY,
and Co/N-GDY). We found that the type of enzyme-like activities
can be regulated by the different doping way and the GDY
nanozyme with Co and N codoping into GDY showed the
enhanced OXD-like activity and no POD-like activity, which was
quite different from that of GDY doped with single element Co or
N. Moreover, the regulation mechanism of Co and N doping in
GDY was further explored through experimental measurements
and theoretical calculations. This study will contribute to the
rational design or adjustment of GDY-based nanozymes and
further understanding of the regulation mechanism of heteroatom
doping effect on the enzyme mimicking reactions.

2 Experimental

2.1 Materials

H,0, (30%) and dimethyl sulfoxide (DMSO) were purchased from
Beijing Chemicals, Inc. (Beijing, China). Hydrochloric acid,
isopropanol (IPA), and ethanol absolute were purchased from
Sinopharm Chemical Reagent Co. Ltd. Cobalt(Il) chloride
hexahydrate (CoCl,,6H,0) was purchased from Shanghai Xian
ding Biotechnology Co., Ltd. Melamine was purchased from
Shanghai Macklin Biochemical Co., Ltd. 2,2'-Azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
was obtained from Huazhong Haiwei (Beijing) Gene Technology
Co, Ltd. 3,3'55-Tetramethylbenzidine (TMB) and o-
phenylenediamine (OPD) were purchased from J&K Co., Ltd.
(China). All reagents were used without further purification, and all
aqueous solutions were prepared using ultrapure Millipore water
(182 Q).

2.2 Characterization

The ultraviolet-visible (UV-Vis) absorption spectra were measured
by Agilent Cary 5000 spectrometer. The morphologies of the
samples were characterized by scanning electron microscope (SEM,
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Hitachi S-4800), transmission electron microscope (TEM, JEM-
2100F), and spherical aberration-corrected transmission electron
microscopy (AC-TEM, ThermoFisher Scientific Themis Z). The X-
ray absorption near-edge structure (XANES) at the Co K-edge was
collected at Beijing Synchrotron Radiation Facility (BSRF) on the
IW1B beam line. X-ray photoelectron spectroscopy (XPS) was
taken by Thermo Scientific K-Alpha. Raman spectrum was
measured on Renishaw inVia plus. The X-ray diffractometer (XRD)
pattern was obtained on Bruker D8 Advanced diffractometer.
Fourier-transform infrared (FTIR) spectroscopy was obtained using
Thermo Fisher iN10 spectrometer. The electrochemical
measurements were performed on Shanghai Chenhua CHI760E
workstation in a standard three-electrode cell. Cyclic voltammetry
(CV) measurements were performed using a three-electrode system
in acetate buffer. The platinum wire was used as the counter
electrode and Ag/AgCl (saturated KCI) was used as the reference
electrode. A nanozyme-modified glass-carbon (GC) electrode
(3 mm diameter) was used as the working electrode.
Electrochemical impedance spectroscopy (EIS) was performed in 5
mM [Fe(CN)4]*** containing 0.1 M KCl. The frequency range was
between 0.01 Hz and 100 kHz, with a signal amplitude of 5mV.

2.3 Synthesis of the GDY-based nanozymes

GDY was synthesized according to our previous work [27]. The
pure GDY was obtained by using 1 M hydrochloric acid to remove
the copper impurities. To realize the co-doping of Co and N, GDY
and melamine (the mass ratio was 1:5 to ensure enough nitrogen
source supply) were added into absolute ethanol. After the
ultrasound for 30 min, CoCl,,6H,0O was added into the solution
and then stirred for 24 h at room temperature. The mass ratios of
Co and GDY were 1.0:100. Then, the dried and ground sample was
pretreated at 400 °C for 2 h, and then heated at a rate of 5 °C-min™
to 900 °C for 1 h under Ar atmosphere. After the treatment with
1 M HCl at 80 °C for 2 h, the product (named Co-N-GDY) was
obtained by water-washing and freeze-drying. For comparison, Co-
GDY, N-GDY, and Co/N-GDY were also prepared under similar
conditions of Co-N-GDY. Co-GDY was obtained without
melamine and N-GDY was obtained without CoCl,-6H,0O, while
Co/N-GDY was synthesized using the as-prepared N-GDY instead
of GDY.

24 Enzymatic assays

To study the oxidase-like activity, 35 uL of GDY-based nanozymes
aqueous solution (0.5 mg-mL™) was added as a catalyst to 940 pL of
acetate buffer (0.1 M, pH = 4) solution containing 25 uL of TMB
(25 mM in DMSO) solution. Then the mixed solution was
incubated at room temperature for 10 min, and the absorbance was
recorded at 652 nm by UV-Vis measurement. Unless otherwise
specified, the experiments were carried out under air saturation.
The effects of substrate type, catalyst concentration, pH value of
acetate buffer solution, incubation temperature, and substrate TMB
concentration on the oxidase-like activity were also investigated. To
evaluate the catalytic activity of Co-N-GDY, TMB was used as the
substrate for kinetic analysis. Michaelis constant (K) and the
maximal reaction velocity (V) were obtained by
Michaelis-Menten curve and the corresponding Lineweaver-Burk
plot.

To investigate the peroxidase-like activity, 35 pL of GDY-based
nanozymes aqueous solution (0.5 mg-mL™) was added as a catalyst
to 915 pL of acetate buffer (0.1 M, pH 4) solution containing 25 uL
of TMB solution (25 mM in DMSO) and 25 pL of H,O, (0.2 M).

B) 72w | Sci@pen
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Then, the mixed solution was incubated in a spectrophotometer cell
at room temperature for 10 min, and the absorbance was recorded
at 652 nm for UV-Vis measurement. The peroxidase-like activities
were measured under N,-saturated solution to minimize the
influence of dissolved oxygen as much as possible.

25 Computational details

All the calculations were performed by Vienna ab initio simulation
package (VASP) [28, 29]. We used density functional thoery (DFT)
+ D2 method to describe and calculate all structures and the
dispersion interactions [30, 31]. For the electronic structure of GDY-
based nanozyme, we applied the Perdew-Burke-Ernzerhof (PBE)
functional in all calculations [32]. For all structure optimizations,
the cut-off energy is set at 500 eV and the convergence of the
energy is endowed 10° eV with 0.02 eV-A' of the force
convergence. To prevent the interaction between layers, we applied
15 A vacuum space along the vertical direction. We calculated 2 x 2
supercell with 3 x 3 x 1 Monkhorst-Pack k-points mesh sampling
[33, 34]. For the transition states, we used the climbing image
nudged elastic band (CI-NEB) approach to search [35].

Additionally, the adsorption energy was calculated by the
following Eq. (1)

- E(udwrbm) ( 1)

where Egsorbaysupporty Egsupporyy a1 Eguasorbayy Tepresented the total
energies of the support with adsorbed molecule, the support, and
the adsorbed molecule, respectively. Next, the formation energy of
N-GDY was explained by Eq. (2)

AEuds = E(adsurbul/suppnn) - E(suppnn)

AEf — ENrGDY — EGDY — O.SENZ + (Egraphile/n) (2)

where Ex.gpys Egpys Ena and Egeppie Were the total energies of N-
GDY, GDY, N,, and graphite, respectively. The # represented the
quantity of N atoms, n = 1. Formation energy was negatively
demonstrated the formation of N atom on the GDY was feasible.
The binding energy (AE,) of Co-N-GDY was defined as follows

(Eq. (3))
AEb = E(syslcm) - E(N—GDY) - E(TM) (3)

where Eyem» Eqvapyy and Enyy presented the total energies for
system, N-doped graphdiyne, and isolated transition metals,
respectively.

3 Results and discussion

3.1 Characterization of Co-N-GDY nanozyme

Co-N-GDY nanozyme was synthesized by codoping Co and N into
GDY and characterized by various techniques. From the Raman
spectra of prepared samples (Fig. Sl(a) in the Electronic
Supplementary Material (ESM)), two significant peaks at 1346 and
1592 cm™ were observed, corresponding to the D band and G band
of carbon nanomaterials, respectively. Since the successful doping of
Co and N resulted in abundant structural defects on GDY [36], the
Ip/Ig value of Co-N-GDY (Ip/I; = 0.91) was significantly increased
compared to GDY (Ip/I; = 0.57). As to the characteristic peaks of
alkynyl groups for GDY at 1944 and 2170 cm, they decreased
significantly after doping Co and N atoms, probably due to the
destruction of some of the alkynyl groups of GDY during the
pyrolysis and the incorporation [37]. From the XRD pattern, the
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peaks of Co-N-GDY were consistent with those of GDY (Fig. S1(b)
in the ESM), corresponding to the (110) and (200) planes of carbon
at around 23° and 43° respectively. But no obvious crystal
diffraction peaks of Co nanoparticles were observed in Co-N-GDY,
indicating that the Co atoms were not clustered together. SEM and
TEM revealed a lamellar structure with no visible nanoclusters or
nanoparticles for Co-N-GDY (Figs. S2(a) and S2(b) in the ESM).
Energy-dispersive X-ray (EDX) energy spectrum indicated the
successful doping of Co and N into GDY (Fig. S2(c) in the ESM).
Element mapping further proved Co and N elements were
homogeneously distributed in carbon support (Fig. S2(d) in the
ESM). AC-TEM was further carried out and indicated that the
structure of Co in Co-N-GDY was highly dispersed (Fig. S2(e) in
the ESM).

The presence state of Co and N, which plays a crucial role in the
enzyme activity, is very important. Then XPS was adopted to
further understand the compositions of Co-N-GDY. From the XPS
survey spectrum of Co-N-GDY, an obvious N 1s peak and two
weak Co 2p peaks were observed (Fig. S3 in the ESM). The peaks at
284.60 (C-C (sp’)), 285.16 (C-C (sp)), 289.06 (C=0), 286.07
(C=N), and 286.89 eV (C-N) could be detected in the C 1s
spectrum of Co-N-GDY (Fig. 1(a)) [38, 39]. The fitting high-
resolution N 1s spectrum (Fig. 1(b)) displayed characteristic peaks
located at 397.5 (sp-N), 398.5 (pyridinic N), 399.2 (Co-N), 399.9
(amino N), 401.2 (graphitic N), and 402.7 eV (oxidized N) [40, 41].
Both C Is and N 1s results indicated the successful doping of N into
GDY. Compared with the N 1s spectrum of N-GDY (Fig. $4 in the
ESM), one of the most notable differences was the presence of
Co-N bonds, which might be special active sites for nanozyme. The
Co 2p spectrum displayed two characteristic peaks around 780.8
and 795.8 eV (Co 2p;, and Co 2p,,,) and two weak satellite peaks
around 786.6 and 802.0 eV. However, the oxidation state of Co
could not be clearly determined due to the weak intensity of the
binding energy. The X-ray absorption spectroscopy (XAS) was used
to further understand the electronic structure and local atomic
coordination of the Co species. The XANES spectra of the Co K-
edge of different samples containing Co were shown in Fig. 1(d), in
which the spectral line of Co-N-GDY was very similar to that of the
CoO and cobalt tetraphenylporphyrin (CoTPP) standard samples,
indicating that the valence state of Co was close to Co™. Due to the
better resolution in K and R spaces, the wavelet transforms (WT) of
I*-weighted extended X-ray absorption fine structure (EXAFS) were
also provided (Figs. 1(e)-1(h)). The maximum peak at 4 A~ was
observed for Co-N-GDY, which might be assigned to the Co-N
coordination by comparing with Co foil, CoTPP, and CoO. The
intensity maximum at 6 A corresponding to Co-Co coordination
in Co foil could not be seen for Co-N-GDY, confirming that no Co
particles existed in Co-N-GDY, which was consistent with the TEM
results. The non-aggregated state is crucial for the optimal
utilization of Co activity. In addition, the first-shell peak of EXAFS
spectra for Co-N-GDY was fitted (Fig. S5 in the ESM), and the best
fitting results indicated a mixed Co-N, and Co-Nj (Table S1 in the
ESM).

3.2 OXD-like behavior of Co-N-GDY nanozyme

The OXD-like activity of Co-N-GDY nanozyme was investigated
using chromogenic substrates, including TMB, OPD, and ABTS
(Fig. 2(a)). An obvious absorption peak at 652 nm was observed in
the presence of Co-N-GDY, indicating that Co-N-GDY was active
in catalyzing the oxidation of TMB. In addition, characteristic
absorption peaks were also observed for OPD (~ 450 nm) and

Nano Research, 2025, 18, 94907063
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Figure1 (a)-(c) High-resolution XPS spectra of C 1s, N 1s, and Co 2p of Co-N-GDY, respectively. (d) Co K-edge XANES spectra of Co Foil, CoO, CoTPP, and Co-N-
GDY. WT for the k*-weighted EXAFS signals of (e) Co-N-GDY, (f) Co foil, (g) CoTPP, and (h) CoO.

ABTS (~ 418 nm). These chromogenic reactions confirmed the
intrinsic OXD-like activity of Co-N-GDY. The effects of pH, Co-N-
GDY concentration, reaction time, and temperature on the activity
of Co-N-GDY were also explored (Figs. S6(a)-S6(d) in the ESM).
The absorbance at 652 nm initially increased with the increasing Co-
N-GDY concentration and reaction time, but it gradually slowed
down after reaching certain values. The catalytic activity of Co-N-
GDY reached maximum absorbance at pH = 4 and approximately
25 °C. The mass ratio of Co and GDY (1.0:100) was obtained by
comparing the OXD-like activities of GDY doping with Co and N
at other mass ratio of Co and GDY to be (Fig. S6(e) in the ESM).
To better evaluate the catalytic performance of Co-N-GDY, the
kinetic parameters were determined through the Michaelis—-Menten
curve and the corresponding Lineweaver-Burk plot (Fig. S7 in the
ESM). Michaelis constant and initial maximum velocity were
obtained to be 0.27 mM and 15.66 x 10® M-, respectively. In
addition, the catalytic activity of Co-N-GDY was also assessed by
the K, value, which is defined as the TMB oxidation rate catalyzed
per unit mass concentration of the nanozyme catalyst. K, was
calculated to be 8.95 x 10° M-L-mg™s™, which is higher than those
of other materials. These parameters were listed and compared in
Table S2 in the ESM. It was found that Co-N-GDY nanozyme
exhibited good OXD-like activity.

The OXD-like activity of Co-N-GDY in air-, O,-, and N,-
saturated solutions was then evaluated to further explore the

reaction mechanism. After purging the solution with N,, the
absorbance value at 652 nm decreased to 6.6% of that under air,
while the absorbance increased by 22.6% after bubbling pure O,
into the solution (Fig. 2(b)). These results confirmed the OXD-like
activity of Co-N-GDY was O,-dependent, which may be derived
from the catalytic ability of Co-N-GDY for activation of O, to
generate reactive oxygen species. Free radical scavenging
experiments were then carried out to further explore the reactive
oxygen species generated in the reaction. As shown in Fig. 2(c), p-
benzoquinone as a scavenger of superoxide radicals (O,")
significantly reduced the catalytic activity, while isopropanol (‘OH
scavenger) had little effect on the reaction. In addition, L-
tryptophan ('O, scavenger) also had a certain effect on catalytic
activity. Thus, it was concluded that the O, molecules were
activated by Co-N-GDY to generate active oxygen intermediates
(O, and 'O,), and then the TMB was oxidized to ox-TMB by the
strong oxidation of reactive oxygen species.

3.3 The influence of Co and N doping on the enzyme
activity

In addition to Co-N-GDY, other GDY-based nanozymes
(including GDY, Co-GDY, and N-GDY) were also synthesized for
comparison to explore the effects and the possible regulatory
mechanism of Co- or N-doping in GDY on the enzyme activity.
Absorption spectra of TMB with different GDY-based nanozymes

(a)

(c)

TmM mm5mM 10 mM
2.5 —TMB 2.5 —o0, 100 4 .1 mM -5 m m
——OPD e
'=‘l; 2.04 ABTS 5201 By = 0]
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Figure2 (a) UV-Vis absorption spectra of different chromogenic substrates in the presence of Co-N-GDY. (b) UV-Vis absorption spectra of TMB in the presence of
Co-N-GDY under N,-, air-, and O,-saturated conditions. (c) The inhibition effects of different scavengers for TMB/Co-N-GDY system. Error bars represent the standard

error of three measurements.
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were measured. The OXD-like activity of pristine GDY was not
observed since the characteristic absorption peak of ox-TMB didn't
appear in the presence of GDY. Compared with GDY, the
absorbance at 652 nm slightly increased upon the doping of Co or
N (Fig. 3(a), inset). However, Co-GDY and N-GDY had much
lower absorbance compared to Co-N-GDY, indicating the
codoping of Co and N may play an important role in enhancing the
catalytic activity. The sequence of OXD-like activity was Co-N-
GDY > Co-GDY > N-GDY > GDY.

To further evaluate the regulatory effect of heteroatom doping
on the enzyme activity, the POD-like activity was then investigated
by employing TMB and H,0, as the substrates (Fig. 3(b)). As Co-N-
GDY had high OXD-like activity, the UV-Vis absorption spectra
for Co-N-GDY, Co-GDY, N-GDY, and GDY were then measured
after purging the buffer solution with N, for at least 20 min and
incubating with the catalyst for 10 min under N,-saturated solution,
which was expected to minimize the influence of dissolved oxygen
as much as possible. As seen from Fig. 3(b), no characteristic peak
was observed for GDY, indicating that it couldn't catalyze H,O, to
oxide TMB. The characteristic peaks of ox-TMB were observed for
Co-GDY or N-GDY, indicating the enhancement of the POD
activity after heteroatoms doping of Co or N. However, the
characteristic peak of ox-TMB didn't appear after the codoping of
Co and N in GDY, indicating that the Co-N-GDY enzyme with
enhanced OXD activity had no POD activity. To make it much
clearer, the absorbance values at 652 nm (Ags, ,,,) in Figs. 3(a) and
3(b) were compared in Fig. 3(c). Different from the OXD-like
activity, the sequence of POD-like activity was N-GDY > Co-GDY
> Co-N-GDY = GDY. It can be concluded that: 1) the pristine
GDY had almost no OXD-like or POD-like activity; 2) the doping
of Co could make the graphdiyne exhibit weak OXD-like and POD-
like activity; 3) the doping of N could make the graphdiyne exhibit
weak OXD-like and relative high POD-like activity; and 4) the
codoping of Co and N could make the graphdiyne exhibit high
OXD-like but no POD-like activity. Therefore, by adjusting the
doping method, we obtained an oxidase mimic without peroxidase
activity.

34 The role of Co and N doping on the enzymatic
activity regulation

As seen from the above, the combination of Co and N may play a
key role in enhancing the OXD-like activity and specificity.
Nitrogen can provide a large number of active sites for the growth
of metal nanoparticles to increase the doping content of metal Co
and enhance the catalytic performance. Thus, inductively coupled
plasma optical emission spectroscopy (ICP-MS) was carried out
and found that the Co content in Co-N-GDY and Co-GDY was

0.25 wt.% and 0.05 wt.%, respectively. However, although the Co
content in Co-N-GDY was determined to be about 5 times that in
Co-GDY, the absorbance of Co-N-GDY was more than 19 times
that of Co-GDY when the concentration of nanozymes was
controlled at 17.5 pg-mL™ (Fig. 3(a)), indicating that the increase of
Co content in Co-N-GDY might not be the main reason for the
significant enhancement of its OXD-like activity. To better
understand the role of doping Co, we then compared the
absorbance of TMB in the presence of Co-GDY and Co-N-GDY
under the same concentration of Co in the reaction systems
according to the ICP-MS results. As seen from Fig. 4(a), the
absorbance of ox-TMB for Co-N-GDY was much higher than that
for Co-GDY at either Co concentration, further indicating that the
enhancement of the OXD-like activity induced by Co content
increase in Co-N-GDY was limited and the presence of N may play
a very important role.

We then prepared Co/N-GDY using the as-prepared N-GDY
instead of GDY under the same conditions of Co-N-GDY, that is,
N was doped first and then Co was doped, which was beneficial to
explore the influence of doping N. The UV-Vis absorption of TMB
greatly increased in the presence of Co/N-GDY, and the absorbance
of ox-TMB at 652 nm decreased significantly after purging the
solution with N, for 20 min (Fig. 4(b)), which indicated that the
Co/N-GDY exhibited the OXD-like activity. Moreover, the
characteristic peaks of ox-TMB were not observed after adding
H,0, in the solution. Then, the OXD-like (air-saturated) and POD-
like (N,-saturated) activities of N-GDY and Co/N-GDY were
compared. As shown in Fig. S8 in the ESM, the POD-like activity of
N-GDY disappeared after the doping of Co (dash lines), and the
good OXD-like activity of Co/N-GDY was observed (solid lines),
demonstrating that the doping of Co greatly changed the enzyme
mimic reaction of N-GDY. We thus inferred that the combination
of Co and N in GDY was important for enhancing the performance
of oxidase mimics, in which the presence of Co-N bond in Co-N-
GDY had been verified by the above characterizations.

In order to understand the codoping effect of Co and N on the
enhancement of the OXD-like activity, the electrocatalytic activities
of GDY-based nanozymes toward the oxygen reduction reactions
were explored by the CV test, since the OXD-like and oxygen
reduction reaction (ORR) activities may follow a similar
mechanism [10, 42]. Compared with the CV curves in the absence
of oxygen, the reduction currents of electrodes modified with GDY-
based nanozymes all increased with the injection of air in acetate
buffers (pH = 4.0), ie., increased with the increase of oxygen
content (Figs. 5(a)-5(d)). The onset potential (E,,) of oxygen
reduction, defined as the intersection of the CV curves recorded in
solutions with and without air (dashed lines in Fig. 5), was chosen
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as a descriptor to evaluate the catalytic activity, because E, is an
effective indicator to evaluate electrocatalytic activity in the ORR
[43, 44]. It could be seen that the E, shifted positively for doping
GDYs in comparison with that of GDY. These indicated that the
doping of Co or N could facilitate the oxygen reduction reaction.
Moreover, the sequence of the E ., of oxygen reduction was Co-N-
GDY > Co-GDY > N-GDY > GDY, which was consistent with that
for OXD-like activity determined above. The E ., was the most
positive for Co-N-GDY, indicating that oxygen was much more
easily reduced on the surface of Co-N-GDY by codoping Co and N
in GDY. Thus, it can be speculated that the codoping effect of Co
and N on the enhancement of OXD-like activity of GDY may be
due to the improved oxygen reactivity on the surface of Co-N-
GDY. Considering the change between the POD-like activity of N-
GDY and the OXD-like activity of Co-N-GDY, the electrocatalytic
reaction of H,0, was also compared for N-GDY and Co-N-GDY
nanozymes modified electrodes (Figs. 5(e) and 5(f)). It had been
found that the E,, of O, reduction was much more positive than

Nano Research, 2025, 18, 94907063
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that of H,0, reduction for Co-N-GDY, while it was the opposite for
N-GDY. In addition, the E_,, of H,O, reduction for N-GDY was
more positive than that for Co-N-GDY. It meant that the reduction
of H,0, would be easier after the doping of N in GDY, but the
reduction of O, turned to be much easier after the coupling of Co
with N. These might further explain the reason why the POD-like
activity of N-GDY disappeared after the doping of Co and
exhibited OXD-like activity predominantly. In general, the
reactivity of O, and H,O, on the surface of nanozymes was changed
through the doping regulation of Co and N in GDY, resulting in
different OXD-like and POD-like behaviors of GDY-based
nanozymes. Furthermore, the EIS Nyquist plots of GDY/GCE, Co-
GDY/GCE, N-GDY/GCE, and Co-N-GDY/GCE were investigated
and compared in Fig. S9 in the ESM. The sequence of the electron
transfer resistance (R,) was Co-N-GDY (76.3 Q) < Co-GDY
(146.2 Q) < N-GDY (189.6 Q) < GDY (262.3 Q). These results
indicated Co-N-GDY had high electron transfer ability, which can
promote the enzyme catalytic reaction.

) 442w | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063
https://www.sciopen.com/article/10.26599/NR.2025.94907063

Nano Research | Vol. 18, No. 1

Liu et al.

To better understand the codoping effect of Co and N on the
enzyme activity, the mechanisms of OXD and POD, especially the
adsorption energy of the corresponding species, were designed and
calculated theoretically for Co-N-GDY and N-GDY. The details of
computational simulation methods can be found in the
Experimental section. All possible structures were shown in Fig. S10
in the ESM. Considering the formation mechanism, Ny,-GDY
model (doped with N) was selected based on the formation energy
and Co-N'y,-GDY model (doped with N and Co) was selected
based on the binding energy (Fig. 6(a)).

For OXD activity, their mechanisms and energy curves were
shown in Figs. 6(b) and 6(c). Normally, the activation of O, (the (i)
process) was the key step in the reaction of oxidase [45]. As seen

from Fig. 6(c), Ny,-GDY had weak adsorption of oxygen. It was
difficult to adsorb O, (AE,4 o, = 0.18 V), with an activation energy
barrier of 0.52 eV, which indicated that the catalytic reaction of O,
did not easily occur on the surface of N-GDY. The adsorption of O,
(AEqs 0o = —1.05 V) on the Co-N',-GDY was a superoxygen
structure (see Fig. S11 in the ESM), and that activation energy
barrier was 0.35 eV. These results showed the catalytic reaction of
O, was much more favorable on the surface of Co-N',-GDY
compared with Ny,-GDY, which explained the reason for the better
OXD-like activity of Co-N-GDY. The complete reaction process
and structure could be seen in Figs. S12 and S13 in the ESM.
Theoretical calculations of the peroxidase mechanism were also
carried out for Ny,-GDY and Co-N;,-GDY according to the
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Figure6 (a) Optimized structures of Ny,-GDY and Co-N'y,-GDY. (b) Mechanism of oxidase reaction. (c) Energy profile of O, activated for N,-GDY and Co-N'y,-GDY.

(d) Mechanism of peroxidase reaction. (e) Energy profile of peroxidase for Ny,-GDY and Co-N'g,-GDY.
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peroxidase mechanism (Fig. 6(d)). Among them, the hydroxyl
group formed by the (ii) process was adsorbed on the catalyst in the
form of hetero-adsorption to overcome the deformation during
catalytic adsorption. For Co-N'y,-GDY system, the rate-determining
step was the (iv) process that was OH* formed H,O, with an energy
barrier exceeding 2.13 eV. And the rate-determining step of N,
GDY system was the (iii) process that was 20H* formed OH*, with
an energy barrier exceeding 1.52 eV (Fig. 6(e)). In addition, Co-N'g,-
GDY had strong adsorption energy of OH (AE, ;o = —4.53 €V,
AE,4 og = —2.14 eV, see Table S3 in the ESM), which made
desorption more difficult than N,,-GDY. Therefore, the peroxidase
activity order is Ny,-GDY > Co-N'y,-GDY. In summary, a better
understanding of the regulation mechanism of Co and N doping in
graphdiyne on the OXD-like and POD-like activities has been
gained through theoretical calculations.

4 Conclusions

In summary, Co-N-GDY nanozyme with high oxidase-like but no
peroxidase-like activity has been synthesized by the codoping of Co
and N into GDY. Upon exploring the effect of Co and N doping on
the enzyme activity, it was found that the combination of Co and N
in GDY played a significant role in enhancing the OXD-like
activity, while the single element Co or N doping in GDY cannot
achieve it. In fact, the N-GDY with peroxidase activity reversed to
oxidase-like enzyme activity upon further doping with Co. The
electrochemical results and the theoretical calculations indicated
that the activity of the nanozymes was closely associated with the O,
or H,O, reduction. Codoping of Co and N greatly enhanced the
reduction reactivity of O, because of the more effective adsorption
of O, on the surface of Co-N-GDY nanozyme, but the reduction of
H,0, was easier for N-GDY because of the lower energy barrier
than that of Co-N-GDY. This work will contribute to the rational
design or adjustment of GDY-based nanozymes and further
understanding the structure—activity relationship.

Electronic Supplementary Material: Supplementary material
(Raman spectra and XRD patterns of GDY and Co-N-GDY; SEM
and TEM images, EDX energy spectrum, EDX mapping, and XPS
survey spectrum of Co-N-GDY; N 1s spectra of Co-N-GDY and N-
GDY; EXAFS fitting curve for Co-N-GDY; optimization of Co-N-
GDY, reaction time, pH, and temperature; the Michaelis—-Menten
curve and the corresponding Lineweaver-Burk plot; OXD-like and
POD-like activities of Co/N-GDY and N-GDY; Nyquist plots of
GDY-based nanozymes; optimized structure of Co-N-GDY and N-
GDY; structure of oxygen species; energy profile and reaction
process of oxidase for Co-N-GDY and N-GDY; EXAFS fitting
parameters; comparison of the kinetic parameters; adsorption
energy of oxygen species) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907063.
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