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Metallic zinc is attractive anode material of rechargeable aqueous Zn-based batteries due to its ambient
stability, high volumetric capacity, and abundant reserves. Nonetheless, Zn anodes suffer from issues
such as low coulombic efficiency (CE), large polarization and dendrite formation. Herein, uniform Zn
electrodeposition is reported on carbon substrates by selective nitrogen doping. Combined experimental
and theoretical investigations demonstrate that pyrrolic and pyridinic nitrogen doped in carbon play
beneficial effect as zinc-philic sites to direct nucleation and growth of metallic Zn, while negligible effect

K.ey words: is observed for graphite nitrogen in Zn plating. The carbon cloth with modified amount of doped pyrrolic
Zinc e s . L. . L
Batteries and pyridinic nitrogen stabilizes Zn plating/stripping with 99.3% CE after 300 cycles and significantly

increases the deliverable capacity at high depth of charge and discharge compared to undoped carbon
substrate and Zn foil. This work provides a better understanding of heteroatom doping effect in design
and preparation of stable 3D carbon-supported zinc anode.
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With water as electrolyte solvent, aqueous rechargeable
batteries have received increasing attention for the advantages
of high ionic conductivity, nonflammability, low toxicity and low
cost [1-3]. Metallic zinc serves as a highly promising anode
candidate in aqueous zinc-ion batteries (ZIBs) because of its
considerable chemical stability in water and air, high volumetric
capacity (5855 mAh/cm?), and globally abundant reserves [4-6].
However, conventional zinc foil anodes suffer from several issues
during repeated zinc plating/stripping (Fig. S1a in Supporting
information). In alkaline or neutral electrolyte, the passivation
caused by the deposition of by-products (e.g., Zn(OH), or ZnO)
could result in a poor coulombic efficiency and a severe capacity
fade [7,8]. Besides, the formation of zinc dendrites may pierce the
separator and cause short-circuit [9,10]. Additionally, the parasitic
hydrogen evolution causes gassing and self-discharging problems
[11-13]. Moreover, as the anode in ZIBs, zinc foil is plagued by
either low Zn utilization (at shallow depth of discharge/charge,
DOD/DOC) or large shape change (at high depth of discharge/
charge) [14,15].

Strategies to address the issues of zinc anode include electrolyte
formulation (e.g., high concentrated electrolyte [11,16], gel or
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solid-state electrolyte [17-19] and electrolyte additives [20-22]),
electrode coating or surface modification (e.g., nanoporous CaCO3
coating [23], porous kaolin coating [24]) and 3D architecture
design [25,26]. Alternative to the direct use of 2D planar Zn foil,
employing 3D substrate to distribute current density is demon-
strated to be effective in suppressing dendrite formation and
decreasing electrode polarization. Among various 3D substrates,
carbonaceous materials such as carbon cloth [27,28] and graphene
foam [29] are intriguing freestanding hosts to load metallic zinc
because of light weight and high flexibility. Unfortunately, most C
atoms in those substrates are tightly bound in a hexagonal lattice
with sp? hybridization, causing the weak interaction between Zn
and substrate, which is unfavored for the nucleation and even
growth of metallic Zn. The accessing Zn?* ions are preferred to be
attracted by metallic Zn nucleus relative to undeposited carbon
substrates due to the lower nucleation overpotential (Fig. S1b in
Supporting information). This uneven Zn deposition makes the
carbon skeleton underutilized and significantly limits the anodic
DOD/DOC. The localized Zn plating/stripping also increases the
possibility of dendritic Zn formation [23,30]. Therefore, it is
desirable to develop 3D substrates with abundant surface ‘zinc-
philic’ sites for homogenizing Zn deposition.

Heteroatom doping on carbonaceous substrates has been
widely adopted in improving the electrode performance
[31-33]. Particularly, nitrogen doping could provide not only a
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low energy barrier in the doping reactions, but enhanced
interaction between substrates and metal ions, which is demon-
strated as an excellent strategy in developing metallic lithium
anodes. Nitrogen doping provides abundant lithiophilic sites to
enable uniform Li nucleation and growth [34-36]. There are scarce
investigations on heteroatom doping of carbon substrates for
metallic Zn anode. Recently, 3D N-doped carbon cloth was
reported as a favorable host to upgrade both MnO, cathode and
Zn anode of ZIBs [37]. However, the effect of the N-doped carbon
substrate on electrode properties of Zn anode remains not fully
understood, as well as the underline mechanism.

In the context of developing advanced Zn anode, herein we
present a combined experiment and density function theory (DFT)
calculation study on Zn plating/stripping properties of N-doped 3D
carbon substrates. The effects of doping concentration and types of
nitrogen functional groups (i.e., pyrrolic N, pyridinic N and graphite
N) in carbon cloth on the behavior of electrodeposited Zn were
comparatively investigated in terms of the morphology change
during discharge/charge process, active mass utilization, and
cyclability of Zn anode. These results suggest that selective
heteroatom doping is promising to improve the electrochemical
performances of 3D carbon-supported zinc anode.

Zn@NCC was prepared by hydrothermal treatment of CC
followed by a simple electrodeposition method [28], as shown
in Fig. S2a (Supporting information). When the pristine CC is used
as substrate, undesirable Zn agglomerates are formed via the
surface diffusion of Zn atoms due to the weak interaction between
Zn and CC. The lower nucleation overpotential and stronger Zn-Zn
interaction lead to the thermodynamically favorable dendritic
deposition in the long running (Fig. S2b in Supporting informa-
tion). By contrast, when using N-doped CC as substrate, the doped

(a)

N atoms cannot only provide zinc-philic sites but also enrich the
local electron density near the dopant atoms [38-40], which
effectively suppresses the Zn aggregation at the initial electrode-
position stage (Fig. S2b in Supporting information). The evenly
distributed electron-rich regions on the carbon surface favor the
uniform nucleation and following Zn deposition.

N-doped CC samples were prepared by hydrothermal treatment
of CC at the temperatures of 120, 150 and 180 °C, which are named
as the NCC-1, NCC-2 and NCC-3, respectively. The chemical
compositions of N-doped CC samples were studied by FT-IR and
EDS analyses. In all three samples, the FT-IR spectra show two
peaks at 1230 and 1310 cm~! which can be assigned to the C—N
stretching vibrations, and the peaks at 1450 and 1510cm ™! are
associated to N—H bending vibrations (Fig. S3a in Supporting
information) [41,42]. Elemental mapping in Fig. S3b (Supporting
information) reveals that N species are homogeneously distributed
on the carbon matrix. The characterization results above have
unambiguously proved that the N species are successfully doped
on the CC.

To elucidate the state and content of the N in N-doped CC, XPS
analysis was conducted and the results are shown in Figs. 1a-c.
Three types of nitrogen species could be identified from N 1s
spectrum, which can be deconvoluted into pyridinic N (398.5 eV),
pyrrolic N (400.1 eV) and graphitic N (402.1 eV), respectively
[31,34]. The N contents are determined to be 0.41 at%, 1.21 at% and
1.09 at% for NCC-1, NCC-2 and NCC-3, respectively. From the
reported reaction mechanism of N-doping (Fig. S4 in Supporting
information) [43], the low nitrogen content of NCC-1 could be
attributed to the slow reaction between NH; and oxygen-
containing functional groups at a low temperature of 120°C.
The slight decrease of N content at 180 °C could be attributed to the

(b)

7] Graphite N N1s
[ Pyrrolic N

Intensity (a.u.)

[ Graphite N N1s
[ Pyrrolic N
| Pyridinic N

Intensity (a.u.)

NCC-1 NCC-2
406 404 402 400 398 396 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
(© ()]
[ Graphite N Nls Graphite N Pyrrolic N Pyridinic N
71 Pyrrolic N () =
_ | =1 Pyridinic N S
= 9]
i 7z
g -
£ S
E F 4
g
NCC-3 | =

406 404 402 400 398 396
Binding energy (eV)

0 50 100
N ratio (%)

Fig.1. XPS N 1s spectra of the NCC samples prepared with different hydrothermal reaction temperatures: (a) NCC-1 (120 °C), NCC-2 (150 °C) and NCC-3 (180 °C). (d) The ratios

of different nitrogen species in each NCC.
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decomposition of reaction intermediates such as amine or amide
groups at elevated temperature. Among the three types of nitrogen
species, pyrrolic N accounts for the highest proportion in all
samples (Fig. 1d). The high fraction of pyrrolic N is attributed to the
rich defects and edge sites in low crystallinity carbon material [44].

Considering its highest N content, NCC-2 was first selected as
the substrate for Zn electrodeposition. To investigate the effect of
the N dopant on Zn deposition, two electrodes of Zn@CC and
Zn@NCC were prepared by electroplating metallic Zn on the CC and
NCC-2 substrates, respectively. As seen in Fig. S5 (Supporting
information), the XRD patterns of both electrodes present
intensive peaks at 36.4°, 39.0°, 43.3°, 54.3° and 70.3°, which are
consistent with that of the standard metallic Zn, implying a high
purity and crystallinity of the deposited Zn. Uneven Zn deposition
is one major reason for the instable cycling and irreversible Zn
plating/stripping. To comparatively evaluate the performance,
two-electrode cells with configurations of Zn foilZn foil,
Zn@CCZn@CC and Zn@NCCZn@NCC were assembled and tested
electrochemically.

For the Zn foilZn foil cell, the discharge/charge voltage
hysteresis is 108 mV at a current density of 0.2mA/cm? and the
voltage profile shows irregular fluctuation after 150 h (Fig. 2a). In
comparison, the cells based on Zn@CC and Zn@NCC exhibit a much
lower polarization with an average overpotential of 44 and 25 mV,
respectively. Remarkably, the Zn@NCC displays an excellent cycling
stability as evidenced by a negligible voltage fluctuation, and the
anode can be further stabilized at ~30 mV for more than 200 h
without short circuit. When a higher current density of 1 mA/cm?
and ending capacity of 0.5mAh/cm? were applied, the Zn@NCC
electrode resulted in the lowest polarization (Fig. 2b). The superior
electrochemical performance of Zn@NCC to Zn and Zn@CC could be
attributed to the 3D structure of carbon substrate with high surface
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Fig. 2. Galvanostatic discharging-charging profiles of symmetric cells with Zn foil,
Zn@CC and Zn@NCC electrodes at the current density of (a) 0.2 mA/cm? with ending
capacity of 0.1 mAh/cm? and (b) 1 mA/cm? with the ending capacity of 0.5 mAh/cm?.
Insets enlarge the curves at early and later stage.

areas to effectively reduce the local current density, and the N
dopants to reinforce surface-zinc interaction [39,40].

To understand the effect of NCC on cycling performance, we
studied the morphology evolution of the Zn@NCC electrode at
different stages during Zn plating/striping. As shown in Fig. 3a, the
Zn surface of foil undergoes protrusion and cracking from the 1st to
150th cycle (Figs. 3a2—a4). Moreover, the Zn foil suffers from
exceedingly severe deformation. With the dramatic structure
collapse, the average thickness of the foil decreases from 32 pm to
22 pm after 450 cycles (Fig. 3a5), experiencing an electrode
thickness change of 31% due to the disordered redistribution of
metallic zinc [8,23]. Digital photos of Zn foil and Zn@CC after 450
cycles are shown in Fig. S6 (Supporting information). Compared to
Zn@CC, Zn foil shows severer shape change and more disengaged
Zn metal on the filter, confirming the superiority of 3D self-
supported substrate over traditional Zn foil.

The Zn@CC and Zn@NCC electrodes exhibit an improvement in
morphological preservation over Zn foil anode. As shown in Fig. 3b,
although Zn slices cover uniformly on the surface of carbon fibers
after pre-deposition (Fig. 3b1), they start to fall off after several
cycles and the surface of the carbon fibers becomes exposed
(Figs. 3b2-b5), which implies an increasingly uneven plating/
stripping process. This observation is consistent with the
galvanostatic discharging-charging test in Fig. 2. On the contrary,
the coating of Zn on Zn@NCC remains intact without filaments,
dendrites or uncoated area on the carbon fiber substrate after 450
cycles of Zn plating/stripping (Fig. 3¢5). Such comparison supports
that the N species are capable of directing uniform Zn deposition/
dissolution and suppressing dendrite evolution during continuous
cycling. On the other hand, nitrogen dopants improve the
electrolyte wettability (Fig. S7 in Supporting information), as
can be seen from the lower contact angle of NCC (106.9°) compared
to CC (133.2°). The higher electrolyte wettability of NCC benefits
the adsorption of Zn?" and uniform nucleation for metallic Zn
plating.

Cycling Zn anode in a shallow discharge/charge depth leads to
low active mass utilization. Thus, we tested the performance of
different electrodes at deep cycling. As shown in Fig. 4a, the initial
full discharging Zn foil sustains ~63h at a current density of
0.127 mA/cm?. In the following first charge and second discharge
stages, the duration significantly declines to 30 and 10h,
respectively. If the DOD is defined as 100%, the corresponding
DOC and DORD are 49% and 16%, respectively. A rapid capacity
fading from 820 mAh/g to 128 mAh/g is observed for Zn foil
(Fig. 4b). Differently, the first specific discharge capacity of Zn@CC
(387 mAh/g) is smaller than that of the theoretical value (820
mAh/g), which limits the specific capacity in the following charge
(295 mAh/g) and re-discharge processes (221 mAh/g). The corre-
sponding DOD, DOC and DORD of Zn@CC cell are calculated to be
47%, 36% and 16%. The poor performance at deep discharge/charge
of Zn@CC could be attributed to the uneven pre-deposition of
metallic Zn that causes non-uniform stripping of Zn on deep
discharging, as shown in Fig. S8 (Supporting information).
Interestingly, the Zn@NCC electrode reaches a high DOD of 95%
in first discharging, as a result of the relatively even pre-deposition
of Zn for stripping. Furthermore, the Zn@NCC anode could retain
higher capacities than Zn foil and Zn@CC in the following charge
(430 mAh/g) and discharge stages (380 mAh/g), as shown in Fig. 4b.
Thus, the 3D carbon host with nitrogen doping favors uniform Zn
deposition for subsequent stripping/plating, mitigating capacity
fade of Zn anode at deep charge/discharge.

Previous studies have shown that the N species play a critical
role in directing the plating of lithium [34]. However, the effect and
mechanism remain unclear in Zn anode. Thus, the electrochemical
performances of NCC-1, NCC-2 and NCC-3 were comparatively
studied. Fig. 5a shows the voltage profiles. The Zn@NCC-3 cell
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Fig. 3. SEM images of (a) Zn foil, (b) Zn@CC and (c) Zn@NCC during plating/stripping cycles. Numbers 1-5 represent the charge state of the pristine, 1%, 10", 150" and 450"
cycle, respectively. All cells were tested at a current density of 1 mA/cm? with the ending capacity of 0.5 mAh/cm?.

exhibits a low polarization of 87 mV and flat voltage plateaus
within 700 cycles at a current density of 1 mA/cm?. In contrast,
there are rapid polarization increases within 600 and 635
cycles for Zn@NCC-1 (from ~90 mV to >200mV) and Zn@NCC-2
(from ~86 mV to >200mV), respectively. Besides, coulombic
efficiency is a measure of the reversibility of Zn plating/striping of
Zn. As seen in Fig. 5b, the NCC-1 and NCC-2 electrodes exhibit
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Fig. 4. (a) Total discharge and charge curves of Zn foil, Zn@CC and Zn@NCC in first
three processes at the current density of 0.127 mA/cm?. (b) The corresponding
histograms along with the related capacity loss curves of DOD, DOC and DORD.

average CE values around 80% for 300 cycles and 95% for 200 cycles,
respectively, while the average CE of NCC-3 anode maintains 99.3%
for 300 cycles. This result suggests a higher reversibility of Zn
plating/stripping reaction on NCC-3.

In the case of Li anode, it is believed that pyridinic and pyrrolic
nitrogen are the main electrochemically active sites for Li
nucleation due to their stronger binding energies with Li atoms
than that of graphite nitrogen [34,45,46]. To probe the influence of
N species on Zn deposition, the binding energies of Zn with
different functional groups were calculated by DFT computations.
Herein, the periodic graphene containing 42 carbon atoms with 16
hydrogen atoms terminated at the edges (gra) was modeled
[45,47,48]. Additionally, another extended periodic graphene
(bgra) was implemented to support the rationality of the
constructed model. As shown in Fig. S9 (Supporting information),
the difference of the binding energy between gra and bgra with Zn
atom is only 0.02 eV, illustrating gra is a reasonable fundamental
model for further model specification. The constructed geometry
configurations for simulation are shown in Fig. S10 (Supporting
information).
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Fig. 5. (a) Galvanostatic discharging-charging profiles of Zn-Zn symmetric cells
with Zn@NCC-1, Zn@NCC-2 and Zn@NCC-3 electrodes at the cycling current density
of 1 mA/cm? with the ending capacity of 0.5 mAh/cm?. (b) Coulombic efficiencies of
asymmetric cells with NCC-1, NCC-2 and NCC-3 electrodes at the current density of
1mA/cm?.
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Fig. 6. Summary of calculated binding energy between a Zn atom and pristine or defective graphene substrate with different types of doped nitrogen. Pristine graphene (gra),
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The orange dotted line represents the cohesive energy of a Zn dimer in zinc crystal.

Fig. 6 illustrates the optimized binding modes of Zn atoms on
perfect/defective graphene with different N species and their
binding energies. Other possible geometry configurations are
shown in Figs. S11-S17 (Supporting information). The cohesive
energy of a Zn dimer is —1.26eV. A higher binding energy than
—1.26 eV suggests prefer formation of Zn clusters, which possibly
causes uneven deposition and hence dendrite growth [45,46]. In
contrast, a lower binding energy implies a preferential combina-
tion of Zn atoms and the matrix, leading to an initially uniform Zn
deposition. From the calculated results, prNV and pnNV exhibit
lower binding energies of —2.44 and —1.74 eV with Zn atoms than
that of graN (—0.029 eV) and graNV (-0.507 eV), indicating strong
combination between Zn and pyrrolic/pyridinic N but negligible
interaction between Zn and graphite N. Note that the carbon cloth
is a kind of graphitic material with low crystallinity and rich
defects [44], thus pyrrolic and pyridinic N are more likely to exist as
prNV and pnNV in defect condition. The large binding energies of
pyrrolic and pyridinic N may be attributed to their extra electrons.
The substrate with extra electrons could be regarded as electron-
rich donor, which serves as Lewis base sites to adsorb Lewis acidic
Zn?* through acid-base interactions [34,36,49] and thus enhances
Zn-substrate bonding and directs uniform Zn nucleation. However,
the graphite N, both graN and graNV, cannot allow strong
adsorption of Zn (Figs. S11 and S15 in Supporting information)
because of their saturated electron orbitals. Under this circum-
stance, Zn atoms are inclined to aggregate, which impedes uniform
Zn deposition. Therefore, pyrrolic and pyridinic N play the
beneficial roles and serve as zinc-philic sites to stabilize Zn
plating/stripping. Thus, the DFT results could explain the superior
electrochemical performance of carbon cloth with higher propor-
tion of doped pyrrolic and pyridinic nitrogen.

In summary, uniform Zn deposition was realized by selective
nitrogen doping on N-doped carbon cloth and the Zn plating/
stripping performance was studied by combining experimental
method and DFT computation. Pyrrolic and pyridinic nitrogen are
demonstrated as the zinc-philic sites to provide positive effect on
homogenizing Zn nucleation and deposition, while graphite
nitrogen exerts negligible beneficial effect. The carbon cloth with
large proportion of pyrrolic and pyridinic nitrogen stabilizes Zn
plating/stripping, delivering a high coulombic efficiency of 99.3%
after 300 cycles at a current density of 1.0 mA/cm?. Compared to Zn
foil and undoped carbon substrate, the N-doped carbon cloth with
pre-deposited Zn exhibits superior stability for nearly 700 cycles in
symmetric cells and significantly mitigates the capacity fading of
anode at high depth of charge/discharge. The results indicate the
importance of building zinc-philic sites by heteroatom doping

carbon substrate and would enlighten the design and preparation
of 3D framework-supported zinc anode.
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