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In pursuit of highly active zinc—air battery (ZAB) catalysts, nitrogen doping has proven key to enhancing
carbon-based non-metallic catalysts’ performance in the oxygen reduction reaction (ORR). This study
employed a novel method to synthesize variously sized ZnO materials coated with ZIF-8. Notably, smaller
particle sizes correlated with reduced activation energy. ZnO-12, the smallest variant, fully carbonized at
800 °C, resulting in zinc ion evaporation and the formation of an amorphous carbon nano-hollow struc-
ture, ZIF8/Zn0O-12. This material showcased remarkable ORR properties, with an onset potential of 0.9 V
(vs. RHE) and a Tafel slope of 71.4 mV dec™?, surpassing the benchmark Pt/C catalyst and exhibiting excel-
lent stability. Moreover, in ZAB tests, ZIF8/ZnO-12 achieved a specific capacity of 816 mA h g2, outper-
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forming Pt/C. DFT calculations indicate that under alkaline conditions, nitrogen-doped carbon materials
containing adsorbed oxygen and doped oxygen exhibit lower catalytic activation energy for the ORR,
which is beneficial for accelerating the ORR. This research provides valuable insights into designing more
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1. Introduction

Precious metals and metal oxides are widely utilized catalysts
in fuel cells. However, metal-based catalysts are usually expen-
sive, less durable, less selective, and have a negative impact
on the environment. Carbon-based nonmetallic catalysts have
received increasing interest due to their excellent electro-
catalytic properties. Many heteroatom-doped carbon materials
exhibit high ORR activity. Of these catalysts, nitrogen-doped
carbon materials are particularly effective in nonmetallic
catalysis."® The fundamental reason for this efficacy lies in
their atomic radii and electronegativity; the atomic radius of N
atoms (0.74 A) is close to that of carbon atoms (0.77 A), and
the electronegativity of N atoms (3.04) is higher than that of
carbon atoms (2.55). As a result, N atoms would then be
readily doped into the carbon material, thereby altering the
electron distribution in the carbon-based network. Among the
N doping types, pyridine N is considered to be the most
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efficient carbon-based non-metallic catalysts for ZABs.

effective for ORR.”® It was shown that the concentration of
pyridine N directly controls the ORR activity and its decisive
role was emphasized by Kondo et al.” Pyridine N atoms usually
prefer to occupy defects or edges of carbon materials.””®
However, it is more difficult to obtain sufficiently high concen-
trations of selectively doped pyridine nitrogen atoms due to
the relatively low edge densities and defects in current carbon
materials.'®'" Therefore, in order to solve the current chal-
lenge of achieving high concentrations of selectively doped
pyridine nitrogen atoms in carbon materials, a new carbon
skeleton needs to be explored as an ideal substrate for pyridine
nitrogen doping.

Carbon materials are crystallographically divided into
graphitic carbon and amorphous carbon. In amorphous
carbon,"” ™ amorphous carbon refers to a turbulent dis-
ordered structure in which the periodic arrangement of carbon
molecular layers is no longer continuous and different degrees
of stacking dislocations occur. Usually, disordered structures
have more defects, and the presence of defects causes an
increase in the number of catalytically active sites.'® Cao
et al.’” demonstrated that nitrogen-doped amorphous carbon
will also be more active and stable than graphitized carbon,
and that graphitization of metal elements and carbon is not a
necessary factor for the use of nitrogen-doped carbon as a
non-precious metal catalyst for ORR. Based on the advantages
of amorphous carbon, this paper, from this material, the
direct carbonization of MOFs has recently become the main-
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stream choice.’®'® The template method'®! is also used to
increase the specific area of surface and thus improve the cata-
lytic activity of amorphous carbon. Qian’s group synthesized a
hierarchical hollow carbon nanomaterials (HNCT-CNTs)
through one-step pyrolysis on bimetallic ZIFZn/Co precursors,
which are enriched with Co-Nx sites. Zou’s group®® investi-
gated the effects of carbonization temperature and ZIF-8 par-
ticle size on the structural and capacitive properties of carbon
materials and concluded that when the carbonization tempera-
ture exceeds 800 °C, the carbon materials have a high degree
of graphitization. However, as the volatilization temperature of
zinc oxide is 907 °C,** maintaining the amorphous nature of
carbon materials requires reducing the thermal activation
energy of zinc oxide.>* Relationship between treatment acti-
vation energy and particle size, Cui et al.*® determined the
thermal decomposition curves of nanomaterials with different
size of grains by using a thermal analyzer and calculated their
thermal decomposition activation energies by combining
the isotropic conversion rate method with multiple heating
and the iterative method, and concluded that the thermal
decomposition activation energy reduces with the particle size,
and that the apparent activation energy has a linearity relation-
ship with the inverse of the particle size. Similar studies were
conducted by Saibal et al.’” The kinetics of non-isothermal
thermal breakdown of carbonate powders was calculated using
a method close to the accurate solution of the modified
Arrhenius equation, and the same conclusion was reached, the
apparent energy of activation for the decomposition of CaCO;
reduced with the average size of the calcium carbonate nano-
particles. Beyond CaCO; materials, Jiang et al.*® investigated
the influence of particle size on the pyrolysis of polystyrene
and found that the activation energy increases as the size of
the particles increases for the same conversion rate. All the
above experiments demonstrated that the smaller particle size
can reduce the pyrolysis activation energy.

Herein, a controlled pipe diameter modulation strategy was
employed to synthesize fine zinc oxide nanotubes.>**° Zinc
oxide served as a template in conjunction with ZIF-8, and the
resulting composite was subjected to carbonization at a
specific temperature. This approach facilitated the volatiliz-
ation of zinc oxide while concurrently maintaining the amor-
phous nature of carbon. For the change of the obvious oxygen-
related peaks in the experimental results XPS, combined with
the prominent ORR catalytic activity, the atomic model of pyri-
dine N-binding O-substituted graphene is designed and DFT
theoretical calculations are carried out to explore the more
essential reasons for the catalytic properties of the material.

2. Experimental section
2.1 Chemicals

Anhydrous ethanol (CH;CH,OH), potassium hydroxide (KOH)
and ammonia (NH; H,0) were obtained from Sinopharm
Chemical Reagent Co., Ltd. Zinc nitrate (Zn(NO;),-6H,0), PEG
2000 (HO(CH,CH,0),H), 2-methylimidazole (C,H¢N,) and
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N,N-dimethylformamide(DMF) (C3;H;NO) were obtained from
Aladdin Biochemical Technology Co., Ltd. Nafion and Pt/C
(20 wt%) were purchased from Sigma-Aldrich.

2.2 Preparation of catalysts

2.2.1 Preparation of ZnO. Add 0.9 g of PEG with a mole-
cular weight of 2000 and 3 g of Zn(NO;), 6H,0 to 375 ml of
deionized water at room temperature and stir for 15 minutes.
The mixture was placed in an ultrasonic cleaner and 1 M NH;
H,O0 was added dropwise until the pH was 10. Three sets of
solutions were obtained by repeating the above method, and
then they were placed in three thermostatic magnetic stirrers
at 80 °C and stirred for 8 hours, 12 hours and 14 hours. The
precipitate obtained by filtration was washed three times with
deionized water and anhydrous ethanol, respectively. This
operation is to remove PEG residues and nitrate ions. Finally,
the samples were dried in a vacuum oven at 60 °C for
12 hours. The products obtained were noted as ZnO-8, ZnO-12,
and ZnO-14, each exhibiting distinct nanostructures such as
nanoflowers, nanorods, and nanotubes, as depicted in
Fig. S1.f

2.2.2 Synthesis of ZnO catalysts with different diameters
attached to ZIF-8. A mixture of 160 mL of deionized water and
480 mL of DMF was dissolved with 6.6 g of C,;HgN, by stirring,
and the above method was repeated to obtain three sets of
solutions. To each of the three solutions, 0.84 g of ZnO-8,
Zn0-12, ZnO-14 was added and processed in an ultrasonic
cleaner for 30 minutes. Subsequently, the three sets of solu-
tions were placed in an electrically heated blast dryer at 60 °C
to maintain the temperature for 48 hours. The resulting
powder was cleaned three times with ethanol and then placed
in a vacuum drying oven and dried at 60 °C for 12 hours. The
prepared samples were put into a crucible and transferred to a
vacuum tube furnace. Prior to carbonization, the furnace was
evacuated by blowing in nitrogen and parameterized to heat
up to 200 °C for 2 hours at 5 °C min~", then to 800 °C for
5 hours at the same rate. The resulting products were noted as
ZIF8/Zn0-8, ZIF8/Zn0-12, and ZIF8/ZnO-14.

2.3 Preparation of electrocatalysts

Experiments related to electrochemical correlation tests were
performed on a three-electrode system controlled by a CHI
760E electrochemical workstation. Prior to measurement, the
solution was gassed with O,/N, for 30 minutes to saturate the
solution with gas. A saturated Hg/HgO electrode was used as
the reference electrode and the counter electrode was a graph-
ite rod. O,/N, saturated 0.1 M KOH aqueous solution was used
as the electrolyte. The working electrode was prepared by dis-
persing 10 mg of sample in a mixture of 0.15 ml of deionized
water and 0.35 ml of ethanol to which 10 pl of Nafion was
added. Ultrasonication was applied until a homogeneous ink
suspension was formed. The obtained 10 pL of ink was uni-
formly coated on the freshly polished glassy carbon rotating
disk electrode and dried at room temperature to be used as a
working electrode. A commercial Pt/C catalyst ink (Alpha,
20 wt% Pt/C) was prepared for the comparison group using the
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same method. To fabricate the cathode electrode for zinc-air
batteries, 80 pL of the ink was carefully drop-cast onto
polytetrafluoroethylene-coated carbon cloth (W0S1002). The
coated cloth was then air-dried for 30 minutes at 85 °C.

3. Results and discussion

Fig. 1(a) displays the XRD patterns of ZnO nanorods and ZnO
nanotubes synthesized at different preparation times (8, 12,
and 14 hours) under the same thermal deposition tempera-
ture. In this experimental setup, the catalysts, namely ZIF8/
ZnO-8 and ZIF8/Zn0O-14, obtained by attaching ZIF-8 to the
nanorods/nanotubes for 8 and 14 hours, respectively, were
compared with the standard JCPDS card (PDF#89-1397).*"%
The diffraction angles at 31.74°, 34.38°, 36.21°, 47.48°, 56.53°,
62.76°, 66.30°, 67.87°, 69.00°, and 76.87° were identified,
corresponding to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), and (202) crystal planes of ZnO. The result-
ing ZnO nanomaterials exhibited a hexagonal wurtzite struc-
ture, as evidenced by sharp and narrow peaks in the XRD
pattern, indicative of a certain degree of crystallinity. However,
the XRD of the post-synthesis pyrolysis of ZIF-8-attached
12 hours nanotubes (ZIF-8/Zn0O-12) shows a broad diffraction
peak near 21°, indicating a low degree of graphitization, which
is predominantly carbon with an amorphous structure, and
does not contain any peaks of residual ZnO or other impurities
of Zn(OH),. The generation of Nitrogen-rich carbon nanotubes
by ZnO-attached porous ZIF-8 can significantly increase the
number of the effective active site of ORR. It was found that
these nitrogen-activated carbon nanotubes have many defects,
a defective structure that is typically found in nitrogen-doped
graphene materials, and can generate a high number of active
sites, which can improve electrocatalytic activity.

In Raman testing analysis, two broad peaks in each group
of samples are divided into four peaks based on Gaussian dis-
tribution for simulation, as shown in Fig. 1(b). The sp> carbon
is represented by Dg = 1348.86 em™! Dy, =1351.76 cm™ ! Dy, =
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1345.76 cm™ Gg = 1589.7 ecm™' Gy, = 1583.91 cm™ Gy, =
1571.91 ecm™', and the sp® carbon is represented by FEj
1179 ecm™ E;, = 1167.91 cm™' E;y = 11755 cm™' Fg =
1506.13 ecm™ F;, = 14971 cm™' Fy, = 1488.98 cm™.
Comparing the integral area ratio (As,°/As,°) of sp® and sp?, we
can obtain Ag(0.32) > A;4(0.302) > A;,(0.186), and A;, has the
smallest integral area, indicating that the sp> carbon exists in
the sample with the highest amount of carbon in 12 h. The sp?
hybridized carbon atoms have high p-orbital overlap and
n-electron conjugation effects, so the more carbon atoms there
are in the sp® type, the more space and electronic effects can
be provided for the catalytic process, which is more favorable
to the catalytic process.®® For the representation of the D and
G peaks present in the Raman test, the D peak corresponds to
the location of the defect, while the G peak belongs to the
graphite pattern. The appearance of the D peak may originate
from amorphous carbon, graphite, nanoparticles, and nano-
scale microcrystals. The ratio of Ip/Is (intensity ratio) in the
three groups of samples is Iy = 1.33, I;, = 1.44, I, = 1.4, indi-
cating that the carbon atoms in the 12 h sample group have
the most crystal defects, which is also consistent with the peak
intensity of C=O0 in the XPS analysis. Similarly, the I/l value
is inversely proportional to the effective crystallite size in the
direction of the graphite plane (La), and the larger the value,
the lower the degree of graphitization, so ZIF8/Zn0O-12 has the
lowest degree of graphitization, and the combination of the
XRD and electron microscopy results shows that the product is
mainly amorphous structure.

Fig. S1t displays SEM images of ZnO nanostructures syn-
thesized via water bath heating for varying durations.
Specifically, Fig. S1(a and b)} exhibit ZnO-8 synthesized for
8 hours, characterized by a snowflake-like morphology with
nanorods having an average diameter of approximately
200-300 nm. Fig. S1(c and d)} depict ZnO-12 synthesized over
12 hours, showcasing a dispersed arrangement of nanorods
with an average diameter ranging from 100-200 nm. Lastly,
Fig. S1(e and f)} indicate that the majority of crystals syn-
thesized in 14 hours consist of a mixture of incompletely
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Fig. 1 XRD pattern of catalyst prepared at different reaction times (a) Raman analysis diagram (b).
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formed hollow nanotubes with an average diameter of about
600-900 nm, along with nanotubes having an average dia-
meter of approximately 300 nm.

Fig. 2(a-f) displays the SEM images of the catalyst after
pyrolysis at 800 °C. Specifically, Fig. 2(a and d) illustrate the
pyrolysis of ZnO-8 floral nanorods after attachment of ZIF8,
revealing that some of the nanorods began to break and the
nanoflowers dispersed. Fig. 2(b and e) show the pyrolysis of
ZnO0-12 nanorods attached to ZIF8, where the hexagonal struc-
ture of ZIF8 is clearly visible. The overall layered network struc-
ture exhibits a higher surface area, which is beneficial for ion
transport. Fig. 2(c and f) present the SEM image of ZIF8/
ZnO0-14, which exhibits more nanorods with a less layered
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structure. Fig. 2(g-i) exhibit the TEM images of ZIF8/ZnO-8,
ZIF8/Zn0-12, and ZIF8/Zn0-14, respectively. The dark blocks
appearing in Fig. 2(k) indicate that ZIF8/ZnO-8 has not been
fully carbonized at this temperature. When compared with the
XRD results, it is evident that the dark masses are ZnO.
Consequently, the ZIF8/ZnO-12 sample has the highest degree
of carbonization with almost no visible ZnO; ZIF8/Zn0O-14 con-
tains some dark ZnO lumps and demonstrates moderate car-
bonization; while ZIF8/ZnO-8 has the poorest degree of carbon-
ization. Fig. 2(j and k) present the SEM and TEM images of
ZIF8/Zn0-12 before pyrolysis. Similarly, ZIF8/ZnO-8 and ZIF8/
ZnO-14 exhibit analogous structural characteristics, collectively
indicating that ZIF8 has achieved complete coating of the ZnO

10 um

10 um
ey

A =
10

Fig. 2 (a and d) SEM images of ZIF8/ZnO-8; (b and e) SEM images of ZIF8/Zn0O-12; (c and f) SEM images of ZIF8/Zn0O-14; (g) TEM image of ZIF8/
ZnO-8; (h) TEM image of ZIF8/ZnO-12; (i) TEM image of ZIF8/Zn0O-14; (j) SEM image of ZIF8/Zn0O-12 before pyrolysis; (k) T ZIF8/ZnO-12 before
pyrolysis; (1) elemental mapping diagram C, Zn, O, N corresponding to ZIF8/ZnO-12 ZIF8/ZnO-12 before pyrolysis.
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nanoparticles. This observation suggests a consistent and
thorough coating process across the different ZnO samples.
And in Fig. 2(1), along with ESI Fig. S3 and Table S1,} EDS
spectroscopy and related compositional analyses demonstrate
that the most highly carbonized ZIF8/ZnO-12 sample contains
elements of C, O, N, and Zn. The major component, C,
accounts for 93.34% of the carbonized ZIF8/Zn0O-12 sample,
while the atomic percentage of Zn is only 0.23%. This is con-
sistent with the XRD test results and further suggests that the
ZIF8/Zn0-12 sample has been nearly completely carbonized.
ESI Fig. S2(a and b)} displays the HRTEM image of ZIF8/
Zn0-12, indicating that the material is amorphous, with a sig-
nificant amount of amorphous regions and a small amount of
graphite microcrystalline regions.

Fig. 3(a) shows the full XPS spectra of ZIF8/ZnO-8, ZIF8/
ZnO-12, and ZIF8/Zn0-14, indicating that the prepared cata-
lytic materials contain elements of Zn, O, C, and N. The high-
resolution XPS of C 1s in the sample in Fig. 3(b) could be
divided into four peaks after fitting analysis.**>°® corres-
ponding to C-C (284.36, 284.17 and 284.36 eV); C-N (285.27,
285.14 and 285.15 eV); C-O (286.11, 286.07 and 286.05 eV);
C=0 (288.65, 288.16 and 288.03 eV). The appearance of C-N
shows that the nitrogen in 2-methylimidazole is successfully
doped into the amorphous carbon. The peaks appearing for
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Fig. 3 (a) Full spectrum; (b) C 1s; (c) O 1s; (d) N 1s XPS spectrum.
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C-0O and C=O0 are due to the chemisorption of oxygen mole-
cules from air through the dangling bonds on the defects on
the surface of the amorphous carbon.’” The C=0 peak in
ZIF8/Zn0-12 is significantly stronger than that in ZIF8/ZnO-8
and ZIF8/Zn0-14, indicating that the 12 h sample set has the
most abundant crystal defects of carbon atoms, which is in
agreement with the results of Raman analysis. About O 1s
spectrum in Fig. 3(c) reveals three chemical states. O;, which
belongs to the lattice oxygen in ZnO,*® corresponds to peaks at
530.64 €V, 530.41 eV, and 530.75 eV. O, is noted as oxygen
vacancies, corresponding to peaks at 531.25 eV, 531.43 eV, and
531.59 eV. O; is noted as oxygen bound to carbon, with peaks
at 532.12 eV, 532.83 eV, and 532.83 eV.*® Fig. 3(d) is about N
1s,"%*! with peaks at 398.15, 397.84 and 398.19 eV corres-
ponding to pyridine N on each catalyst, peaks at 399.85, 399.58
and 399.84 eV corresponding to pyrrole N on each catalyst,
and peaks at 400.86, 400.64 and 400.85 eV corresponding to
graphite N. The results further indicate the successful doping
of nitrogen atoms in the carbon layer. Among them, the peak
area of pyridine-N has the largest percentage, which leads to
the conclusion that nitrogen doping is mainly in the form of
pyridine-N. In the most highly carbonized ZIF8/Zn0O-12
sample, graphitic N exhibits the smallest peak area, and the
lower graphitic N content indicates the higher purity of the
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catalyst. The XPS spectrum of Zn 2p is shown in Fig. $4,1* To investigate the ORR performance of the catalysts
with three fitted peaks appearing at 1022.06 and 1045.09 eV; obtained, the ORR catalytic performance of ZIF8/ZnO-8, ZIF8/
1021.27 and 1044.32 eV; 1021.61 and 1044.61 eV, respectively ZnO-12, and ZIF8/Zn0O-14 was evaluated in a 0.1M KOH electro-
belonging to Zn 2p,,, and Zn 2p;/,. Furthermore, the binding lyte that is saturated with N,/O,. In the CV test, as shown in
energy distance between each pair of peaks is 23 eV, again in  Fig. 4(a), a smooth voltammogram (vs. RHE) was noted in the
accordance with the standard reference value for ZnO. voltage range from —0.1 V to +1.1 V under N, saturated con-
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Fig. 4 (a) CV curves of different catalysts under O,/N; saturation conditions; (b) LSV curves of various catalysts at 1600 rpm; (c) comparative statisti-
cal diagram of various catalysts at Egneset, E1/2; (d) LSV curves at different speeds; (e) RRDE method to test the transfer of electrons and the yield of
H,0,; (f) Tafel curve; (g) stability test; (h) methanol poisoning resistance test.

13842 | Dalton Trans., 2024, 53,13837-13846 This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01696c

Published on 06 August 2024. Downloaded on 12/28/2024 6:01:28 PM.

Dalton Transactions

ditions, but sharp redox peaks were observed in O, saturated 0.1
M KOH solution, which suggests that each catalyst exhibits sig-
nificant ORR electrocatalytic activity in alkaline media. Fig. 4(b)
presents the RDE electrochemical tests performed on each cata-
lyst to assess the catalytic behavior, and Fig. 4(c) presents the stat-
istical plot of the initial potential and half-wave potential, com-
bined with Fig. 4(b). The linear scan curve shows that ZIF8/
7Zn0-12 exhibits Egpesec = 0.9V, By = 0.785 V, J; = —4.39 mA cm ™2
at 1600 rpm; ZIF8/Zn0-8 exhibits Eopesee = 0.837 V, Eyjp = 0.72 V;
ZIF8/Zn0-14 exhibits Eopeset = 0.872 V, Eyj» = 0.74 V. ZIF8/Zn0-12,
as the sample with the highest degree of carbonization, exhibits
excellent ORR activity in carbon materials. To further evaluate
the ORR kinetics of the sample, Fig. 4(d) shows the RRDE
measurements on the ZIF8/Zn0O-12 modified glassy carbon elec-
trode. O, saturated 0.1 M KOH solution at different speeds from
400 to 2500 rpm with a scan rate of 10 mV s'. The faster the
speed, the faster the O, diffusion to the catalyst surface and the
current density increases with the speed.

Selectivity and stability are also important in the evaluation
of ORR performance. As shown in Fig. 4(e), the intermediate
product H,0, yield of ZIF8/Zn0O-12 is low and the electron
transfer number is close to 4 electron transfers, which is
similar to the performance of Pt/C catalyst. The Tafel compari-
son diagram was made using the second-order differential
method, as shown in Fig. 4(f). The Tafel slope corresponding
to ZIF8/Zn0-12 was 71.4 mV dec™, which was lower than that
of Pt/C catalyst (97.5 mV dec '), ZIF8/ZnO-8 (106.1 mV dec )
and ZIF8/ZnO-14 (115.5 mV dec™'), indicating that ZIF8/
Zn0-12 was favorable for producing better dynamic processes.
Fig. 4(g) shows the chronoamperometric (I-t) curve. After
36 000 seconds of sequential testing, the current density of Pt/
C and ZIF8/Zn0O-12 decreased to 66.3% and 88.1%, respect-
ively. The experimental results showed that ZIF8/ZnO-12 had
good ORR stability. The tolerance of ZIF8/ZnO-12 and Pt/C to
methanol was shown in Fig. 4(h). After adding 2 M methanol
to the electrode after 300 s, the current density of ZIF8/ZnO-12
showed almost no change, while the current density of com-
mercial Pt/C, on the other hand, drops dramatically, indicating
that ZIF8/Zn0O-12 had good methanol tolerance.
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Furthermore, to assess the viability of the ZIF8/ZnO-12 cata-
lyst in zinc-air environments, the cathode catalyst is loaded at
0.8 mg cm™? in the zinc-air battery. ZABs based on ZIF8/
ZnO-12 exhibit a higher open-circuit voltage of 1.56 V, gradu-
ally decreasing to a stable value of 1.53 V after an equilibrium
process lasting 1800 seconds, comparable to the stable
value reached by Pt/C during the same period in Fig. S5.1
Polarization curves and power density are illustrated in
Fig. 5(a), where the ZIF8/ZnO-12 catalyst demonstrates a peak
power density of 103.1 mW cm™> at a current density of
159.7 mA cm™ > This value is slightly lower compared to Pt/C
its peak power density counterpart (169.8 mA cm™ 2, 122 mW
cm™?). Fig. 5(b) displays discharge curves at a constant current
of 10 mA cm™>, and the calculated specific capacity for ZIF8/
Zn0-12 is 816 mA h g™, surpassing that of Pt/C (770 mA h g™%).

Although ZIF8/ZnO-12 exhibits excellent electrochemical
performance, the binding of C and O in XPS analysis cannot
intuitively reveal the contribution of different types of O to
ORR. Here, we design an atomic model of pyridinic nitrogen
binding with O to replace graphene, and the relevant calcu-
lation methods are shown in Fig. S7.1 The binding of O is con-
sidered in three cases: adsorption of O, doping of O, and co-
doping of O and adsorption of O.*® This is done to compare the
differences in catalytic activity of different catalysts. The
changes in the ORR free energy of these catalysts at U= 0 V and
equilibrium potential of the alkaline environment, U = 0.460 V
(0.1 mol L' KOH), were investigated using DFT, as shown in
Fig. 6(a, c and e). ORR consists of four fundamental steps:

05(g) + H,0(l) + €~ +* — *OOH + OH~ (1)
*OOH + e~ — *O + OH™ (2)

*O + H,0(1) + e~ — *OH + OH™ (3)
*OH+e — OH™ (4)

The corresponding atomic configurations of ORR inter-
mediates are shown in Fig. 6(b, d and f). For the whole reac-
tion pathway of pyridinic nitrogen adsorbed O-substituted gra-
phene. It can be seen that the formation of OOH* intermedi-

816 mAh g’!
1.2F - = =

-
T

Pv/C
ZIF8/7n0-12

770 mAh g*

Voltage/V
e
(e o0

e <
[\ S] ¥ -9
T

().() 1 1 1 1 1 1 L
0 100 200 300 400 500 600 700
Specific capacity/mAh g!

800

Fig. 5 (a) Power density of ZIF8/ZnO-12 and Pt/C; (b) discharge curves of ZIF8/ZnO-12 and Pt/C at 10 mA cm 2.
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Fig. 6 (a, c and e) Changes in ORR reaction free energy of adsorbed O, doped O, and doped-adsorbed O combined catalysts; (b, d and f) atomic
configuration diagrams of ORR intermediate states corresponding to adsorbed O, doped O, and doped-adsorbed O binding catalysts.

ates has the highest change in uphill free energy, which is the
decisive step of the reaction. O, molecules are difficult to be
adsorbed on pyridine N-graphene, which is consistent with
previous reports.***® For both pyridinic nitrogen doped
O-substituted graphene and Pyridinic nitrogen adsorbed co-
doped O-substituted graphene, the decisive step is the desorp-
tion of the last OH*. The change in the rate-determining step
may be attributed to the fact that doping of O is more likely to
alter the charge distribution of the catalyst substrate compared
to adsorption of O, thereby modifying the catalytic perform-
ance of the catalyst. The C atoms near O adsorption/doping
are considered as the active sites for the ORR, while the C
atoms adjacent to N, due to steric hindrance, do not serve as
adsorption active sites. However, the reactivity of these active C
atoms is influenced by the positively charged adjacent C
atoms.*® Comparing the free energy changes of the rate-deter-
mining steps for three catalysts: adsorption of O, doping of O,
co-doping of O and adsorption of O, it is evident that under
alkaline conditions (U = 0.460 V), the catalytic activity of pyridi-
nic nitrogen doped O-substituted graphene (0.450 eV) and pyr-
idinic nitrogen adsorbed co-doped O-substituted graphene

13844 | Dalton Trans., 2024, 53, 13837-13846

(0.424 eV) is significantly higher than that of pyridinic nitro-
gen adsorbed O-substituted graphene (0.603 eV). The former
two are more likely to undergo ORR.

4. Conclusion

ZnO nanomaterials of varying tube diameters are being syn-
thesized via a reproducible water bath method, adjusting reac-
tion time, and integrated with ZIF-8 using a diameter control
strategy. We’re studying how reaction time affects product
structure and its subsequent impact on the oxygen reduction
reaction in electrocatalysis. ZnO-12 nanotubes, noted for their
narrow diameters, undergo complete carbonization at 800 °C,
releasing zinc ions and forming an amorphous carbon nano-
hollow structure, ZIF8/ZnO-12. Electrochemical tests reveal an
impressive Eopeser Of 0.9 V (vs. RHE), outperforming Pt/C’s
Tafel slope and exhibiting remarkable stability. In zinc-air
battery tests, ZIF8/ZnO-12 amorphous carbon nanomaterial
demonstrates superior specific capacity to Pt/C. Raman spec-
troscopy shows ZIF8/ZnO-12 has the highest proportion of sp*

This journal is © The Royal Society of Chemistry 2024
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hybridized carbon atoms, enhancing catalytic processes
through spatial and electronic effects. XPS analysis indicates
carbon atoms with more crystal defects. DFT calculations
suggest that co-doping and adsorption of oxygen favor the
ORR. This experimental design preserves amorphous carbon’s
structure while lowering the pyrolysis temperature, improving
catalytic efficiency. This approach holds tremendous economic
potential for cost-effective carbon-based catalysts, crucial for
environmental sustainability and resource recirculation.
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