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We describe here the metal-templated trans-
formation of carbon nitride (C;N,) into nitrogen-
containing carbons as anodes for Li-ion batteries (LIBs).
Changing the template from the carbon- and nitrogen-
immiscible Cu powder to the carbon- and nitrogen-
miscible Fe powder yields different carbons; while Fe
templating produces graphitized carbons of low (<10%)
nitrogen content and moderate pore volume, Cu templat-
ing yields high defect-density carbons of high (32—24%)
nitrogen content and larger pore volume. The Li* storage
capacity of the high nitrogen content and larger pore
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volume Cu-templated carbons exceeds that of the more graphitic Fe-templated carbons due to added contribution from
Li* insertion/extraction from pores and defects and to reversible faradaic Li* reaction with nitrogen atoms. The Cu-
templated carbon annealed at 750 °C delivers the highest specific capacity of 900 mAh g~' at 0.1 A ¢”' and 275 mAh ¢!
at 20 A g', while also achieving a 96% capacity retention after 2000 cycles at 2 A g~'. The fabrication of higher mass
loading electrodes (4.5 mg cm™*) provided a maximum areal capacity of 2.6 mAh cm™* at 0.45 mA cm ™2 (0.1 A g™'),
comparable to the capacities of commercial LIB cells and favorable compared to other reported carbon materials.
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i-ion batteries (LIBs) have emerged as the battery of
choice in applications spanning from portable elec-
tronics to electric vehicles and grid storage owing to

their superior energy density per unit weight and volume
compared to other battery systems.' > Still, the demands for
future applications require LIBs with higher energy density,
longer cycle life, and/or lower cost than current state-of-the-art
devices. These challenges have motivated significant research
into developing new materials that store more Li* per weight
and volume than the conventional graphite anode (capacity
~370 mAh g™') and layered transition-metal oxide cathode
(eg, Li[NixCoyan]Oz; capacity ~180 mAh g_l).3_9 As the
cathode is currently the limiting factor in LIB cells, increasing
the weight fraction of the cathode active material provides a
direct route to increasing the cell-level energy density.””'*~"*
One way of achieving higher energy density involves
replacing the standard graphite anode with a higher capacity
material that would reduce the required anode loading to
match the cathode capacity and thus increase the cathode
weight fraction at the cell level” Of the high-capacity
materials proposed,'”™'® heteroatom-doped carbons have
recently emerged as potentially useful, having low-cost
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precursors, tunable surface and structural properties through
synthesis optimization, and enhanced electrochemical proper-
ties compared to undoped carbon."”*° The inclusion of B, N,
S, P, etc., defects into carbon architectures has been postulated
to enhance their electrochemical performance compared to
undoped carbons by increasing the number of electrochemi-
cally active sites and facilitating charge transfer between the
electrolyte and electrode surface.”' ~*' Importantly, in the most
common nitrogen-doping strategy, the enhancement in
performance is dependent not only on the overall atomic
nitrogen incorporation but also on the bonding environment of
the resulting nitrogen functionalities.”"””*> Controlling these
parameters is thus important in designing high-performance
materials, and identifying requisite materials and processing
methods has drawn significant research attention.” >’

X-ray photoelectron spectroscopic (XPS) studies on nitro-
gen-doped carbons commonly identify the following four
major bonding configurations between nitrogen and carbon
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Figure 1. Schematic illustration of the Cu-templated (top, “C;N,-Cu”) and Fe-templated (bottom, “C;N,-Fe”) transformation of bulk C;N,

into nitrogen-doped carbons.

atoms: (1) pyridinic-N (—C=N-C; 398.1-398.5 eV); (2)
pyrrolic-N (C—NH-C; 399.8—400.5 eV); (3) graphitic or
quaternary-N (C;—N; 401.1—402.7 eV); and (4) oxidized
pyridinic-N (C,—N*—0,7; 403—405 eV).>***~*! The different
hybridization of the respective nitrogen functionalities affects
the electronic properties of carbons in different ways, and thus
their relative abundance strongly influences the suitability of a
nitrogen-doped carbon for a given application.”**

In the case of Li" storage, the sp>-hybridized pyridinic-N and
pyrrolic-N groups that primarily occur at edge sites of carbon
layers are believed to be most favorable, while graphitic-N are
postulated to bind irreversibly with Li" and degrade
cyclability."”** A first-principles study conducted by Ma et
al. on the impact of different nitrogen functionalities on Li*
storage in nitrogen-doped graphene nanosheets predicted that
pyridinic-N and pyrrolic-N groups provided both (1) the
largest increase in the average Li—Li distance upon lithiation
and (2) the strongest binding energies with Li* that minimize
Li—Li cluster formation and enable higher Li" storage
capacities.21 Interestingly, the most competitive Li* storage
metrics of greater than 1200 mAh g™ (at low current density
and low (or in some cases, not reported) active-material
loading) have been reported for nitrogen contents in the range
of ~5—20%; This variation likely stems from differences in
surface area and pore structure that control the electrode—
electrolyte contact area and the number of accessible Li*
storage sites. Thus, the Li* storage properties of nitrogen-
doped carbons rely on both their surface chemistry and
textural properties,”* >>873142730

In search of suitable nitrogen-doped carbon precursors,
carbon nitride, C;N,, is attractive owing to its ease of synthesis
by heating low-cost precursors such as urea, melamine, or
dicyandiamide to above 525 °C, high structural N content
(57% atomic N), and easily discernible fingerprint features by
X-ray diffraction (XRD).*® Pristine C;N, is, however, a poor
electrical conductor (~107° S cm™) and has a low specific
surface, typically <60 m”> g~!, limiting its utility in energy
storage applications.”>***>*”>! Former studies have explored
tuning the electronic and textural properties of C;N, via
templating, physical exfoliation, salt melts, and heteroatom
and/or transition-metal doping.”>' > The majority of these
efforts have focused on photocatalytic and electrocatalytic
applications rather than on the enhancement of their Li*
storage capacity.23"25’3’0’31
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The theoretical Li* storage capacity for bulk C;N, was first
predicted in 2014 in a first-principles study to be 1165 mAh
g~!, assuming the reversible C;N, + 4 Li* + 4 e~ « Li,C;N,
reaction.”” However, merely 200 mAh g~' with poor cycle
stability was achieved.”> Chen and co-workers annealed bulk
C;N, with Mg powder at 750 °C under a N, atmosphere,*
denitrogenating the C;N, by forming Mg;N,, reducing the
nitrogen content from 51% to about 9% while increasing the
Brunauer—Emmett—Teller (BET) surface area from 60 m* g~'
to 590 m? g~'.>* The performance of the resulting carbon
resembled that of other high-performance nitrogen-doped
carbons. Overall, tuning of the Li* storage properties of C;N,-
derived carbons has thus far been little explored.*>**

Here, we transform bulk C;N, into nitrogen-doped carbons
with varying nitrogen content and pore characteristics by their
templating with Cu or Fe powder and annealing at 700—800
°C under Ar. We use poorly carbon- and nitrogen-alloying Cu
powder as a model of templating with an immiscible metal and
Fe powder as a model of templating with a carbon- and
nitrogen-alloying metal. The very different alloying changes the
carbon-growth process that provides carbons with different
physiochemical and Li* storage characteristics.

RESULTS AND DISCUSSION

Synthesis and Characterization of C;N,-Derived
Nitrogen-Doped Carbons. The following shorthand terms
are used throughout: In C;N,-Mxxx, M refers to the templating
metal, Cu or Fe; and xxx refers to the annealing temperature
(700, 750, or 800 °C). For example, C;N,-Cu700 means C;N,
annealed with Cu powder at 700 °C, and C;N,-Fe800 means
C;N, annealed with Fe powder at 800 °C.

Bulk C;N, was synthesized by the commonly reported
thermal condensation of urea at 550 °C for 4 h.>> The carbons
were obtained by annealing the bulk C;N, at 700—800 °C
under Ar with Cu powder (Figure 1, top) or Fe powder
(Figure 1, bottom) followed by acid washing to remove Cu
and Fe co-products. Figure 2 displays representative scanning
electron microscopy (SEM) images of the precursor materials
(Figure 2a—c, left column) and the resulting Cu-templated
(Figure 2d—f, middle column with increasing annealing
temperature from top to bottom) and Fe-templated (Figure
1g—i, right column with increasing annealing temperature from
top to bottom) carbons obtained from the process illustrated
in Figure 1. Significant changes in morphology are observed
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Figure 2. Scanning electron micrographs (SEM) of (a) bulk C;N,,
(b) Cu powder, and (c) Fe powder used as precursor materials
(left column). (d—f) C;N,-Cu carbons produced at different
annealing temperatures (middle column, increasing temperature
from top to bottom). (g—i) C;N,-Fe carbons produced at different
annealing temperatures (right column, increasing temperature
from top to bottom).

following reaction of bulk C;N, (Figure 2a and Figure S1), and
these changes appear dependent on both metal precursor and
annealing temperature. While Cu templating produces carbons
with rough surfaces and temperature-dependent morphological
features (Figure 2d—f, middle column; additional SEM images
in Figure S2), the C;N,-Fe carbons (Figure 2g—i, right
column) possess a wrinkled, sheet-like morphology that stays
consistent with increasing annealing temperature (top to
bottom in right column), and their surfaces appear smoother
compared to the C;N,-Cu samples (additional SEM images of
C;N,-Fe carbons in Figure S3).

The morphological differences induced by changing the
alloying process are further demonstrated by high-resolution
transmission electron microscopy (HR-TEM) images of the
nitrogen-doped carbon samples obtained at 750 °C shown in
Figure 3. Similar to previous reports, the bulk C;N, (Figure
3a) possesses a bulky sheet-like morphology with a high degree
of porosity.””>* Following Cu templating, the C;N,-Cu750
carbon (Figure 3b) shows little long-range structural ordering
with an abundance of micro/mesopores, whereas the Fe-
templated C;N,-Fe750 carbon (Figure 3c) possesses an
ordered, graphite-like structure with little evidence of addi-
tional mesopore formation. The SEM (Figure 2) and HR-
TEM (Figure 3) results suggest that the choice of metal
template directly influences both the structural and textural
properties of C3N,-derived nitrogen-doped carbons.

Figure 4 shows powder XRD patterns of the bulk C;N, and
metal-templated carbons. The XRD pattern of bulk C;N, in
Figure 4a shows the two common features of C;N, materials
that correspond to (1) in-plane repeats of heptazine (C4N,)
units (26 = 12.8°, d-spacing = 6.91 A) and (2) 7—x stacking of
the C¢N; on top of one another (20 = 27.5°, d-spacing = 3.24
A).** Following Cu templating, the C;N,-Cu carbons (Figure
4b) exhibit broad peaks in the range 20 = 25.9-26.7°.
Increasing the annealing temperature from 700 °C (C;N,-
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Figure 3. Representative HR-TEM images comparing the
nanostructure of (a) bulk C;N,, (b) C;N,-Cu750, and (c) C;N,-
Fe750.

Cu700, Figure 4b bottom trace) to 750 °C (C;N,-Cu750,
Figure 4b middle trace) increases the interlayer distance from
3.34 to 3.44 A, but this trend reverses at 800 °C (C;N,-Cu800,
Figure 4b top trace) with a decrease in d-spacing to 3.36 A. We
speculate that this trend is likely a result of increasing order in
the carbon architecture when the annealing temperature is
increased from 750 °C to 800 °C. In contrast, increasing the
annealing temperature above 700 °C with Fe results in
graphitic-like carbon with a sharp peak at 260 = 26.3—26.4° (d-
spacing = 3.38—3.39 A) for C;N,-Fe750 (Figure 4c, middle
trace) and C;N,-Fe800 (Figure 4c, top trace).
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Figure 4. Powder XRD patterns (a—c, top row) and Raman spectra (d—f, bottom row) for (a, d) bulk C;N,, (b, e) C;N,-Cu carbons, and (c,
f) C;N,-Fe carbons.
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Figure 5. (a—c, Top row) N, adsorption isotherms obtained at 77 K of (a) bulk C;N,, (b) C;N,-Cu, and (c) C;N,-Fe. (d—f, Middle row)
Cumulative pore volumes derived from N, isotherms using quenched solid density functional theory (QSDFT) of (d) bulk C;N,, (e) C;N,-
Cu, and (f) C;N,-Fe. (g—i, Bottom row) QSDFT-derived pore-size distributions of (g) bulk C;N,, (h) C;N,-Cu, and (i) C;N,-Fe.

The structural changes of bulk C;N, induced by Cu and Fe into carbon materials.”>***” The G-band in the region of
templating were further elucidated by Raman spectroscopy 1570—1610 cm™' corresponds to sp*-hybridized carbon,
(Figure 4d—f). While the bulk C;N, (Figure 4d) showed no whereas the D-band in the lower frequency region of 1340—
significant Raman features, the appearance of two distinct 1380 cm™' is activated by defects present in a carbon
features in the 1300—1600 cm™' region of the C;N,-Cu architecture; comparing the relative intensities of the D- and
(Figure 4e) and C;N,-Fe (Figure 4f) Raman spectra is G-band (Ip/I ratio) therefore provides insight into the defect
consistent with the well-known D- and G-bands of graphite/ density in carbon materials.”**” The broadness of the D-band
graphene materials and confirms the transformation of C;N, and G-band observed for all of the carbon samples indicates
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Figure 6. X-ray photoelectron spectroscopy (XPS) survey scans of (a) bulk C;N,, (b) C;N,-Cu carbons, and (c) C;N,-Fe carbons. Atomic
compositions calculated by comparing the fractional area of deconvoluted high-resolution XPS spectra for (d) bulk C;N,, (e) C;N,-Cu, and
(f) C;N,-Fe at different annealing temperature. High-resolution N 1s spectra for (g) bulk C;N,, (h) C;N,-Cu750, and (i) C;N,-Fe750.

the presence of other defect-activated peaks, and thus the D-
and G-bands for the C;N,-Cu (Figure S4 and Table S1) and
C;N,-Fe (Figure SS and Table S2) were deconvoluted by
fitting the spectra using a Voigt function (convolution of
Gaussian and Lorentzian functions) to determine the Ip/Ig
ratio.”* The C;N,-Fe carbons show trends consistent with
previous reports of higher structural ordering with increasing
annealing temperature, evidenced by a decrease in the Ip/Ig
ratio at higher annealing temperature (Figure 4f).”*** The
low Ip/I; values of 0.74 for C;N,-Fe750 and 0.70 for C;N,-
Fe800 support the TEM (Figure 3b) and XRD (Figure 4c)
analyses that show significant structural order in the Fe-
templated carbons compared to the analogous Cu-templated
carbons. Not only are the C;N,-Cu carbons more defective,
but an interesting trend emerges in the determined Ip/Ig
values of 1.16, 1.19, and 1.13 at 700, 750, and 800 °C,
respectively (Figure 4e). Understanding the curious trend from
700 to 750 °C during Cu templating requires further
investigation, as the relative intensities of the D-band and G-
band can be influenced by both chemical defects (eg,
heteroatom-doping) and physical/textural defects (e.g,, pores
and surface roughness).””

The specific surface areas and pore characteristics of the bulk
C;N,, C;N,-Cu carbons, and C;N,-Fe carbons obtained from
77 K N, adsorption isotherms are shown in Figure 5. All
exhibit IUPAC type IV isotherms with an H4-type hysteresis in
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the p/p° of 0.4—1.0, which are characteristic of materials with
both micro- and mesoporosity.””**7°° Consistent with
previous reports on bulk C;N,, BET analysis shows highly
mesoporous character with a low specific surface area (44 m*
g™!, Figure 5a).”>****¥7°! Following Cu templating and
annealing at 700 °C, the BET surface area of the C;N,-
Cu700 carbon increases nearly 6-fold to 257 m* g~ (Figure
Sb, teal isotherm) compared to the bulk sample and further
increases to 391 m? g_l, about 9 times the BET surface area of
bulk C;N,, at 750 °C (Figure Sb, navy isotherm). However,
increasing the annealing temperature further to 800 °C results
in a 54% decrease in BET surface area for the C;N,-Cu800
carbon compared to that at 750 °C (Figure Sb, light blue
isotherm). Examination of the pore volume derived from the
N, adsorption isotherms using quenched solid density
functional theory (QSDFT) for the C;N,-Cu carbons shows
contributions from both micro- and mesopores (Figure Se).
Notably, a large increase in pore volume from 0.691 cm® g_1
for C;N,-Cu700 (Figure Se, teal circles) to 1.527 cm® g™ for
C;N,-Cu750 (Figure Se, navy hexagons) and the pore-width
mode increase nearly 3.5 times from 3.4 nm for C;N,-Cu700
to 11.8 nm for the C;N,-Cu750 carbon (Figure Sh). The
C;3N,-Cu750 carbon thus has both the highest BET surface
area and largest pore volume, both of which are favorable for
increasing the Li" storage capacity.zz’z‘c”u’é1
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Table 1. Surface Nitrogen Content and Nitrogen Functionalities (Pyridinic-N, Pyrrolic-N, Graphitic-N, and Pyridinic-N*-O,~)
of C;N,-Derived Carbons by XPS (C;N,-Cu: Figure 6h and Figure S7; C;N,-Fe: Figure 6i and Figure S8)

surface nitrogen  pyridinic-N(398.2 + 0.1 V)

sample content (% (fractional %)

C3N- 32 16.5
Cu700

C,N,- 30 64.8
Cu750

CN,- 24 537
Cu800

CN, 9 36.3
Fe700

CN,- 7 458
Fe750

CN,- 3 37.8
Fe800

pyrrolic-N(399.5 + 0.1 eV)
(fractional %)

57.5

269

29.9

21.8

26.1

graphitic-N(400.7 = 0.3 eV)

pyridinic-N*-O,~(402.7 + 0.5
(fractional %)

eV) (fractional %)

24.5 1.5
6.9 14
18.5 1.0
38.6 4.3
24.3 3.8
40.1 2.5

The C;N,-Fe carbons show clear trends of increasing surface
area (Figure Sc) and pore volume (Figure Sf,i) with increasing
annealing temperature. Although the C;N,-Fe700 has the
lowest BET surface area of all samples (Figure Sc, orange
circles), increasing the annealing temperature to 750 °C and
above leads to higher BET surface areas compared to the
analogous C;N,-Cu carbon (Figure Sc, maroon hexagons and
red triangles). In contrast to C;N,-Cu carbons, the pore
volume (Figure Sf) and pore-size distribution (Figure Si) of
the C;N,-Fe carbons show significantly reduced mesoporous
character. These differences likely alter the Li* storage
mechanism, as the higher specific surface area of the C;N,-
Fe carbons provides more accessible Li* storage sites, while the
larger pore volume in the C;N,-Cu creates additional Li*
storage sites residing inside pores that minimize the volume
changes during cycling compared to Li" insertion and
deinsertion into and out of carbon layers.”>*>%*

The changes in surface chemistry induced by the metal
template and annealing temperature were analyzed by XPS
(results shown in Figure 6). Comparing the survey scans for
bulk C;N, (Figure 6a), C;N,-Cu carbons (Figure 6b), and
C;N,-Fe carbons (Figure 6¢) qualitatively shows significant
changes in atomic surface composition following metal
templating and thermal annealing. The fractional atomic
surface composition of the bulk C;N, of 43% C, 56% N, and
1% O (calculated by comparing the compositional areas of
deconvoluted high-resolution elemental XPS scans, Figure S6)
is consistent with the theoretical composition of C;N, (43% C,
57% N).>>*”** A similar analysis of the templated carbons
clearly shows a heavy influence of the metal choice on the
obtained surface chemistry. The Cu-templated carbons retain
an unusually high surface N content of 32% (C;N,-Cu700),
30% (C3N,-Cu750), and 24% (C3N,-Cu800) (additional XPS
characterization of C;N,-Cu carbons is seen in Figure S7), the
highest among the nitrogen-doped carbon anodes designed for
LIBs.”' *"*~* 1In contrast, the Fe-templating process
significantly reduces the surface nitrogen content to 9%, 7%,
and 5% when annealed at 700, 750, and 800 °C, respectively
(additional XPS characterization of C;N,-Fe carbons is seen in
Figure S8). The large change in retained nitrogen content is
explained by residual gas analysis (RGA) of the evolved gases
during pyrolysis shown in Figure S9. The RGA revealed that
Fe templating promotes N, and CO gas evolution at a
significantly lower temperature of 641—647 °C compared to
701—-707 °C when Cu is used as the template. The earlier
onset of N, evolution therefore lowers the resulting nitrogen
content of the C;N,-Fe carbons at annealing temperatures
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above 700 °C (Figure S9). The low residual Cu and Fe content
observed by XPS is supported by thermogravimetric analysis
(TGA) in air atmosphere to 800 °C of the C;N,-Cu750 and
C;N,-Fe750, which revealed a residual mass of only 1.3% and
1.0% for Cu750 and Fe750, respectively.

Not only does the overall nitrogen content differ
significantly between C;N,-Cu and C;N,-Fe, but the relative
abundance of the four identified nitrogen functionalities also
heavily depends on the metal template (N 1s spectrum of
C;N,-Cu750 in Figure 6h; N 1s spectrum of C;N,-Fe750 in
Figure 6i). Comparing the relative abundance of different
nitrogen functionalities between the C;N,-Cu and C;N,-Fe in
Table 1 shows that Cu templating favors inclusion of pyridinic-
N and pyrrolic-N functionalities, whereas Fe-templating results
in comparatively higher fractional graphitic-N and oxidized
pyridinic-N groups. Desirably, the 30% surface nitrogen in the
C;3N,-Cu750 carbon is composed of the lowest graphitic-N
content (6.9% of overall nitrogen content, which irreversibly
reacts with Li*) and the highest combined pyridinic-N (64.8%
of total surface nitrogen content) and pyrrolic-N (26.9% of
total surface N content) that are most favorable for Li'
storage.m’32

Li* Storage Properties of C;N,-Cu and C;N,-Fe
Nitrogen-Doped Carbons. The Li* electrochemistry of the
C;N,-derived nitrogen-doped carbons was initially evaluated
using cyclic voltammetry (CV) in standard CR2025 coin cells
with a Li metal counter/reference electrode (active-material
loading: 1.8 + 0.2 mg cm™% film thickness: 48 + 5 um
supported on 11 pym thick Cu foil). Figure 7 shows a side-by-
side comparison of the first three CV cycles (CV curves for
bulk C;N, in Figure S11) over the potential range of 0.005—
3.0 V (vs Li/Li") for the C;N,-Cu (Figure 7a—c, left column
with increasing annealing temperature from top to bottom)
and C;N,-Fe carbons (Figure 7d—f, right column with
increasing annealing temperature from top to bottom). The
average open-circuit voltage (OCV) for the nitrogen-doped
carbons was in the range of 2.6—2.8 V (vs Li/Li*), and during
the initial discharge (from OCV to 0.005 V; Li* insertion into
carbon), all the nitrogen-doped carbons exhibit the following
four features: (1) a broad, capacitive-like feature in the range
OCV—-22 V corresponding to faradic reaction of Li* with
nitrogen atoms, (2) a feature in the range 1.25-1.0 V
corresponding to Li* insertion into pores/defects, (3) a
significant feature in the range 0.75—0.5 V corresponding to
the irreversible breakdown of the electrolyte on the electrode
surface relating to the formation of the solid electrolyte
interphase (SEI), and (4) a sharp peak near 0.1 V
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Figure 7. Cyclic voltammetry (CV) curves showing the first three
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Cu750, (c) C;N,-Cu800, (d) C;N,-Fe700, (e) C;N,-Fe750, and (f)
C,N,-Fe800.

corresgondm to the Li* intercalation into carbon
layers,”>>*>>287309961 Reatures (1) and (2) shrink upon
subsequent cycling, indicative of the irreversibility of their
underlying processes. Following their first cycle forming, the
second and third cycle CV traces nearly overlap for all carbons,
showing the electrochemical reversibility of the lithiation/
delithiation processes.

Although the initial discharge cycle shows similar features
regardless of the metal template, the Li" extraction during
charging from 0.005 to 3.0 V shows clear evidence of differing
Li* storage mechanisms. Li* extraction from C;N,-Cu (Figure
7a—c) reveals the following three discernible features: (1) Li*
extraction from carbon layers ~0.4 V, (2) Li* extraction from
pores and nitrogen defects near 1.6 V, and (3) desorption of
Li* from surface N atoms at potentials above 2
V. #2425287305961 The high surface N content and higher
relative pore volume of the C;N,-Cu show evidence of charge
storage contribution via Li* extraction from pores/defects and
pseudocapacitive charge storage through Li—N binding at the
electrode surface.”> Comparatively, the lower surface nitrogen
content and lower pore volume of the C;N,-Fe carbons
concurrently restrict the accessible Li* extraction from pores/
defects and show little evidence of meaningful pseudocapaci-
tive charge storage from Li—N binding,

The Li* storage properties of C;N,-Cu and C;N,-Fe were
next investigated in galvanostatic charge—discharge tests
shown in Figure 8 (charge—discharge analysis of bulk C;N,
in Figure S12). The first-cycle charge—discharge curves at 0.05
A g~! for C;N,-Cu (Figure 8a) and C3N,-Fe (Figure 8b) are
consistent with the CVs (Figure 7) showing different Li*
storage mechanisms for the C;N,-Cu and C;N,-Fe carbons.
The charge curves of the C;N,-Cu carbons (Figure 8a) are
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angled, sloping lines with only slightly discernible features and
notable charge storage contribution throughout the entire
0.005—3.0 V potential window. Of the C;N,-Cu carbons, the
C;N,-Cu700 delivers the lowest initial Coulombic efficiency
(CE) of 50% compared to 65% and 63% for C;N,-Cu750 and
C;N,-Cu800, respectively. In addition to irreversible capacity
losses due to SEI formation at the electrode surface, we
attribute the lower CE for the C;N,-Cu700 carbon to (1) its
higher overall and fractional graphitic nitrogen content (see
XPS analysis in Figure 6 and Table 1) that will irreversibly
react with Li* and (2) its low degree of carbonization that
results in higher overpotentials and significantly lower
reversible Li* extraction from carbon layers compared to the
C;N,-Cu750 and C;N,-Cu800. Notably, the high pyridinic
nitrogen content and large pore volume of the C;N,-Cu750
carbon provide the highest initial charge capacity of 988 mAh
g~ and the most efficient first cycle at 0.05 A g*

The Li* extraction features and initial CE of the C;N,-Fe
carbons (Figure 8b) show dependence on the degree of
graphitization and thus the annealing temperature. The charge
curve of the C;N,-Fe700 is like those of the C;N,-Cu carbons
and shows the lowest first cycle CE of 49% due to its high
graphitic nitrogen content and lack of reversible Li" extraction
from graphitic carbon layers (Figure 8b). In contrast, the
highly ordered C;N,-Fe750 and C;N,-Fe800 carbons deliver a
higher initial CE of 62% and 60%, respectively, owing to their
reversible Li" extraction from graphitic carbon layers
(evidenced by the plateau near 0.1 V in the charge curves
shown in Figure 8b) and the lower probability of irreversible
reactions between Li* and surface nitrogen atoms due to their
lower overall nitrogen content compared to the C;N,-Fe700
sample. 529

The rate capability tests of the C;N,-derived carbons at
specific currents ranging from 0.1 to 20 A g™" are displayed in
Figure 8c (C;N,-Cu) and Figure 8d (C;N,-Fe). At a low
current density of 0.1 A g~', the average charge capacities of
the C;N,-Cu700, C3N,-Cu750, and C;N,-Cu800 were 606,
900, and 648 mAh g, respectively. Apparently, the larger pore
volume and high pyridinic- and pyrrolic-N content enhance
the performance of the C;N,-Cu750 compared to the C;N,-
Cu700 and C;N,-Cu800, which lack these characteristics. The
C;N,-Cu750 has a uniquely high rate capability (charge—
discharge curves in Figure 8e), delivering 572 mAh g™ at 2 A
g (4 mA cm™®) and 275 mAh g ' when charged and
discharged in about 1 min at a specific current of 20 A g' (40
mA cm™?).

Unlike that of C;N,-Cu, the Li* storage capacity of C;N,-Fe
at 0.1 A g" increases from 482 mAh g~' at 700 °C to 527 mAh
g~' at 750 °C and 529 mAh g™' at 800 °C (Figure 8d), less
than that of the analogous Cu-templated carbons. Their rate
capability is also inferior, dropping below 60 mAh g™ at 20 A
g~! for all the C;N,-Fe carbons. Considering that the C;N,-Fe
have much less N and their total pore volume is lower than
those of the C;N,-Cu carbons, it appears that the Li* storage
properties of C;N,-derived carbons are defined by their N
content and pore volume rather than by their specific surface
area.

The differences in performance shown in Figure 8 are well
explained by the Figure 9 normalized differential capacity vs
voltage (dQ dV™" vs V) plots at 0.1 A g' (0.2 mA cm™?) and
1.0 A g7' (20 mA cm™?) during the Li* extraction process
(charging). These plots describe the incremental capacity
being extracted from the working electrode over a given
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voltage range (see the charge—discharge curves from which the
dQ dV!' vs V plots were constructed in Figures S13 and S14
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for C3;N,-Cu700—800 and C,N,—Fe700—800, respectively).
The dQ dV! vs V plots at 0.1 A g~* for C;N,-Cu700—800
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(Figure 9a, top left) show significant capacity contribution
throughout the entire potential window (0.005—3.0 V vs Li/
Li*), attributed to extraction of Li* from (1) carbon layers
(0.005—0.8 V; light purple region), (2) pores and defects
(~1.0-2.2 V; salmon region), and (3) Li* binding to
heteroatoms at the electrode surface (~2.2—3.0 V; light
green region).””>***** In contrast, only the C;N,-Fe700
(Figure 9b, orange trace) shows contributions from both
carbon layers (at ~0.25—0.3 V) and pores/defects at ~1.25V,
while the capacity is largely a result of Li* extraction from
carbon layers in the more ordered C;N,-Fe750 (Figure 9b,
maroon trace) and C;N,-Fe800 (Figure 9b, red trace).
When the charge—discharge current is increased to 1.0 A g™
(2.0 mA cm™2), the relative contributions from the different
Li* extraction processes change for both C;N,-Cu700—800
(Figure 9d) and C;N,-Fe700—800 (Figure 9e). The higher
overpotential (notice the shift in the starting potential on the
x-axis; see Figure S15 for further dQ dV™' vs V analysis) at the
higher current density restricts the efficiency of Li* extraction
from carbon layers that occurs at lower potential than
extraction from pores/defects and Li* binding to N atoms.
This is evidenced by the lower relative contribution in this
region for C;N,-Cu (Figure 9d) and the broadening of the Li*
extraction feature for C;N,-Fe (Figure 9e). The higher
overpotential and limited capacity contribution from pores/
defects and Li—N binding therefore restrict the rate capability
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of C;N,-Fe (Figure 8d). In contrast, the higher N content and
larger pore volume compensate for the losses in Li" extraction
from carbon layers at higher overpotential and endow C;N,-
Cu with higher rate capability. It is noteworthy that the relative
contribution from surface Li—N binding increases at higher
current density, highlighting the benefit of high N content for
enhancing the diffusion-independent, pseudocapacitive storage
from surface Li* binding (Figure 9f). This assertion is
supported by variable scan-rate CV analysis (see page S-16)
of C;N,-Cu700—800 and C;N,-Fe700—800 shown in Figure
S16 and Figure S17, respectively. The “b-value” analysis (page
S-18 and eq S1) at different scan rates deconvolutes the
underlying mass-transport character of the Li*
mechanism and shows a higher capacitive contribution to the
overall charge storage of C;N,-Cu due to the much higher N
content.

Following rate capability tests from 0.1 to 20 A g~' (Figure
8c,d), the cycle stability of the C;N,-derived carbon was tested
at both 0.1 A g~' (Figure 10a,b) and 2 A g~' (Figure 10c,d) for
C;N,-Cu700—800 (Figure 9a,c) and C;N,-Fe700—800
(Figure 9b,d). At a low current density of 0.1 A g/, all the
C;N,-derived carbons showed a gradual increase in capacity
with cycle progression over 200 cycles that can be attributed to
increased activation of pores and defects with increased cycling
and electrolyte penetration into the depth of the porous active
materials.””*>*’ The larger capacity enhancement for C;N,-Cu

extraction
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(see charge—discharge curves at different cycle number and
corresponding Coulombic efficiency plots in Figure S18 for
C,N,-Cu700—800 and Figure S19 for C,N,-Fe700—800) is
attributed to their larger active pore size that increases with the
cycle number. Most notably, for C;N,-Cu750 the charge
capacity increases to a maximum of 1720 mAh g™" at cycle 150
and stabilizes at around 1500 mAh g~' at cycle 240 (Figure
10a). The capacity enhancement appears rooted in the
activation of pore defects and an associated increase in activity
in Li—N binding, as evidenced by the emergence of well-
defined peaks in the range of 2.5-3.0 V in the dQ dV~' vs V
plot at cycle 240 for C;N,-Cu750 (Figure 10e, navy trace) that
are absent in the C;N,-Fe750 curves (Figure 10e, maroon and
orange traces).

At the higher specific current of 2 A g7' (~4 mA cm™?), the
cycle stability of the C;N,-derived carbons differs significantly
over 2000 cycles. While C;N,-Cu750 has an excellent capacity
retention of 96% over 2000 cycles (dropping from 641 mAh
g~ at cycle 40 to 616 mAh g™" at cycle 2040, Figure 10c), the
capacity retention drops to merely 47% for C;N,-Cu700 and
to 80% for C;N,-Cu800 after 2000 cycles (see charge—
discharge curves and Coulombic efficiency plots for C;N,-
Cu700—800 in Figure S20). On the other hand, the C;N,-Fe
carbons (Figure 10d) all show significant capacity loss over
2000 cycles at 2 A g™, retaining only 44%, 65%, and 67% at
700, 750, and 800 °C, respectively (see charge—discharge
curves and Coulombic efficiency plots for C;N,-Fe700—800 in
Figure S21). These trends are explained by the dQ dV~! vs V
curves at cycle 40 and cycle 2040 for C;N,-Cu750 (black/navy
traces) and C3N,-Fe750 (maroon/orange traces) in Figure 10f.
After 2000 cycles at 2 A g”', the C;N,-Fe750 carbon shows a
reduction in Li* extraction capacity from carbon layers
(compare orange and maroon curves in Figure 10f) that limits
the achievable capacity at faster current density. The C;N,-
Cu750 carbon shows evidence of highly reversible and stable
Li* extraction from pores/defects and Li—N surface binding
that enables excellent capacity retention over 2000 cycles
(Figure 10f, black and navy traces) that is largely absent in the
C;N,-Fe750 dQ AV vs V curves.

The utility of the highest performing C;N,-Cu750 carbon as
a high-capacity LIB anode was further evaluated by increasing
the mass loading from 1.8—2.0 mg cm™ (as discussed above)
to 3.0—3.2 and 4.4—4.6 mg cm > (Figure 11a). As the loading
was increased to ~3.1 and 4.5 mg cm >, the specific capacity at
0.1 A g~ was reduced from 900 mAh ¢! (at 1.8—2.0 mg
cm™?) to 630 and 580 mAh g, respectively (Figure S22).
Despite the drop in specific capacity, the fabrication of higher
loading electrode films resulted in a higher areal capacity
normalized to the geometric electrode area (0.97 cm?; Figure
11a). The C3N,-Cu750 loaded with 4.5 mg cm™> delivered the
highest areal capacity of 2.6 mAh cm™ at 0.1 A g™* (0.45 mA
cm™?) and still delivered 0.2 mAh cm™ at 20 A g™ (90 mA
cm™?). These metrics compare favorably with those of earlier
high-performance carbon LIB anodes as shown in Figure 11b.
To account for differences in active-material loading, the C;N,-
Cu750 performance is compared only with other carbons for
which active-material loadings have been provided.”>***~**
Table S3 in the Supporting Information lists the information
underlying data used to construct Figure 11b, and while most
reports of high-performance carbon anodes for LIBs report
specific capacities exceeding 1000 mAh g~ at low current
density, their active-material loadings are often below 1 mg
cm™ Their low active-material loading would not match the
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Figure 11. (a) Areal rate capability (between 0.1 and 20 A g™") of
C;N,-Cu750 at mass loadings of 1.8 mg cm™> (hexagons), 3.1 mg

> (downward triangles), and 4.5 mg cm™> (stars). (b)
Comparison of the areal rate capability of C;N,-Cu750 at 1.8 mg
cm™? (navy hexagons) and 4.5 mg cm™> (navy stars) to other
reported high-capacity carbon anode materials. Please note that, to
account for variation between mass loading in different studies, we
only compare here those reports that provided active-material
loadings in their report.

cathode capacity of commercial LIB cathode loadings
providing 2.5-3.0 mAh cm™2, and we therefore compare the
areal capacities of the reported carbon materials.”'® The
moderate specific surface of C;N,-Cu750, 391 m* g
compared to >600 m* g~ of most studies, allows for the
fabrication of higher mass loading electrodes without
mechanical degradation, and the large pore volume (1.527
cm® g7') and high nitrogen content (30%) contribute
significant capacitive-like charge storage that endows C;N,-
Cu750 with high capacity and rate capability.

CONCLUSION

In summary, Cu templating transforms pristine C;N, into
nitrogen-doped carbons of potential utility as LIB anodes. The
favorable surface chemistry, textural properties, and resulting
Li* storage performance of the nitrogen-doped carbons are a
consequence of the extent of metal alloying with carbon and
nitrogen. Unlike the alloying Fe that produces carbons with a
high degree of graphitization, low nitrogen content (<10%),
and moderate pore volume, the carbons formed with the
nonalloying Cu are highly defective with a high nitrogen
content (32—24%) and a larger pore volume. Cu templating is
beneficial to Li* storage, with the carbon formed at 750 °C
delivering the highest specific capacity of 900 mAh g™" at 0.1 A
g ' and 275 mAh g™" at 20 A g™/, while also retaining 96% of
its initial capacity after 2000 cycles at 2 A g'. The fabrication
of higher mass loading electrodes (4.5 mg cm™) provided a
maximum areal capacity of 2.6 mAh cm™ at 0.45 mA cm™
(0.1 A g'), comparable to the capacities of commercial LIB
cells and favorable compared to other reported carbon
materials.
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METHODS

Synthesis of C;N,-Cu and C;N,-Fe Nitrogen-Doped Car-
bons. C;N,-Cu and C;N,-Fe were prepared by a templating/thermal
annealing method as shown in Figure 1. The bulk C;N, was first
synthesized by the conventional thermal condensation of urea at 550
°C.* Typically, urea (99%, Sigma-Aldrich) was placed in a covered
crucible and ramped from ambient temperature at 2.3 °C min~" to
550 °C for 4 h in static air. The bulk C;N, was then manually mixed
in a 1:1 (w/w) ratio with either Cu powder (99.7%, Sigma Aldrich;
“C3N,-Cu”) or Fe powder (99.9%, Sigma-Aldrich; “C;N,-Fe”) using a
mortar and pestle for 15 min. The mixed powders were placed in a
covered crucible and ramped from ambient temperature to 700 °C
(C3N4-Cu700 or C4N,-Fe700), 750 °C (C;N,-Cu750 or C;N,-
Fe750), or 800 °C (C;N,-Cu800 or C;N,-Fe800) at 10 °C min~" and
held for 2 h at each respective temperature. The recovered products
were then washed by slow addition of concentrated HNO; when Cu
was used as the template and HCI when Fe was used as the template.
CAUTION: The reaction between Cu and HNOj; liberates toxic NO,(g),
and the reaction between Fe and HCI produces flammable H,(g).
Therefore, care must be taken during the slow addition of HNO; and
HCI, and all washing procedures should be conducted in a well-ventilated
fume hood. After slight stirring at ambient temperature for 20 min, the
acid baths were diluted with excess DI H,O and filtered. After
repeating this process three times, the resultant black powders were
washed with excess DI water and ethanol and dried at 60 °C under
vacuum for 12 h to afford the C;N,-Cu and C;N,-Fe carbons.

Characterization. SEM images of the bulk C;N,, C;N,-Cu, and
C;N,-Fe were collected on a Hitachi S5500 SEM/STEM. The
samples were prepared via drop-casting the respective materials onto a
Si wafer from a dilute ethanol suspension. For transmission electron
microscopy (TEM) a JEOL 2010F transmission electron microscope
was used. X-ray diffraction patterns were recorded on a Rigaku
Miniflex 600 diffractometer using monochromatic Cu Ka radiation (4
= 1.5418 A). X-ray patterns were measured in the 5—70° 20 range in a
continuous scan mode (1° min™") with a step width of 26 = 0.025°.
Raman spectra were recorded on a Renishaw inVia Raman
microscope with a 532 nm (2.33 €V, green) laser operated at 70
mW. Nitrogen adsorption—desorption isotherms at 77 K were
collected using a Quantachrome Nova2200e volumetric gas sorption
analyzer. The specific surface areas of the samples were derived using
BET theory, and their pore-size distributions were derived using
QSDFT (slit-pore on carbon). XPS was conducted on a Kratos Axis
Ultra DLD X-ray photoelectron spectrometer with a depth resolution
of 2 to 8 nm and a detection limit of 0.1 to 1.0 at. %. TGA was
performed on a Mettler thermogravimetric analyzer, model TGA/
DSC 1, under air atmosphere with a ramp rate of 10 °C min™"' from
room temperature to 800 °C. RGA was performed on the effluent
stream during annealing. In a typical experiment, 550 mg of a 1:1 (w/
w) mixture of either C;N,/Cu or C;N,/Fe was supported on a quartz
wool plug in a vertically aligned quartz tube and held inside an
Applied Test Systems model 3210 tube furnace. MKS type M100B
mass flow controllers were used to deliver Ar to the sample bed. The
effluent was monitored using a custom-built gas analysis system
consisting of an Extorr XT100 residual gas analyzer operating in a
stainless-steel chamber with a base operating pressure of 5 X 107'°
Torr. Effluent gas was introduced to the analysis chamber at a
pressure of 1.0 X 107® Torr through a temperature-controlled leak
valve.

Electrochemical Measurements. The bulk C;N,, C;N,-Cu, and
C;N,-Fe electrode films were prepared by mixing the active material
with carbon black (Super P, MTI Corporation) and poly(vinylidene
difluoride) (MTI Corporation) in a 8:1:1 ratio using N-methyl-2-
pyrrolidone (Sigma-Aldrich) as solvent. The slurries were coated onto
Cu foil (11 pm thick, MTI Corporation) using an automatic film
coater with an adjustable doctor blade gap (50—250 um; MTI
Corporation) and subsequently dried under vacuum at 120 °C for 16
h. The dried electrodes were then slightly pressed using a calender
(MRX-SGI00L, Polaris Battery Laboratories) and punched into
individual electrodes (0.97 cm?). The weight of the individual
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electrodes was recorded on a Mettler Toledo XS225DU Semi-Micro
balance with a readability of 0.01 mg, and the thickness of the
electrodes was measured using a digital micrometer with +1 pm
resolution (Mitutoyo 293 series). The electrodes were assembled into
standard CR2032 coin cells with Li foil (Alfa Aesar, 99.9%) as the
counter/reference electrode, a Celgard 2400 polypropylene separator,
and 150 uL of 1.2 M LiPF4 in 3:7 ethylene carbon/dimethyl
carbonate (v/v) as electrolyte. Prior to all electrochemical testing the
cells were kept at OCV for 12 h. CV and galvanostatic charge—
discharge (GCD) tests were conducted on a 40-channel battery
analyzer (LBT2000, Arbin). The CV tests were conducted between
0.00S and 3.0 V (vs Li/Li*) for three cycles at each of the following
scan rates: 0.5, 1.0, 2.0, 5.0, and 10.0 mV s™'. The GCD tests were
conducted over the same potential range as in the CV experiments,
and each cell was first cycled at 0.05 A g™' (based on the mass of
active material on the electrode) for three cycles to form the SEI layer
and begin activation of the active materials. The rate capability tests
were conducted at 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 A g™ for 5
cycles at each respective applied charge—discharge current. Electro-
chemical impedance spectroscopy (EIS) analysis was performed using
a Gamry Interface 1010E potentiostat in the frequency range of 0.01—
100 000 Hz with an amplitude of 5 mV.
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