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Table III. Residual carbon content in Zng9Fey,; O-C samples when
varying the amount of sucrose utilized as precursor for the
carbonaceous coating.

Sample Residual carbon content/wt.%
Zng9Feg 1 0-5wt.%-C 541
Zng 9Fep 1 0-10wt.%-C 12+1
Zng9Fep 1 0-15wt.%-C 16 + 1
Zng 9Fep 1 0-20wt.%-C 20+ 1

carbon results in a decreased overall specific capacity. This is because
the latter provides a specific capacity of about 265 mAh g! (see Figure
S2) and reduces the density of the active material (compare Table I
and Table II), reducing the gravimetric and volumetric energy densi-
ties of the final full-cell. A recent study on the influence of the carbon
coating precursor using ZnFe,O, as active material revealed that the
homogeneity of the coating is, in fact, more relevant than the total
amount.?® Therefore, the overall carbon content should be kept as low
as possible to achieve the optimum gravimetric and volumetric energy
densities while warranting stable cycling performance and good rate
capability.

Hence, in order to determine the optimum carbon content, a series
of carbon-coated Zn; Fe, O samples, comprising varying amounts of
carbon, was prepared. To rule out any impact of the Fe-content, we kept
x in this study constant at 0.1. The targeted values for the remaining
carbon and the experimentally determined ones are given in Table
III (left and right column, respectively). Being in accordance with
the XRD results presented in Figure 6, the coating procedure did not
result in any significant structural changes - independent of the utilized
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amount of carbon precursor, while the latter remains amorphous (see
Figure S3). Also, the comprised carbon appears to be homogeneously
distributed throughout the sample, independent of the actual overall
content and no significant carbon aggregates are observed (Figure S4),
being in line with our previous study on carbon-coated Zn0.9Fe0.10.

When subjecting electrodes based on these four ZnggoFe,;O0-C
composites to cyclic voltammetry (Figure 8), the recorded sweeps
show similar features and peaks ((A) to (G), see Figure 8a) as those
recorded for Zng ggFe( 1,0 (Figure 5, in black), indicating that the car-
bon coating does not have any great effect on the overall de-/lithiation
mechanism. However, a comparison of the four panels with a focus
on the development of the cyclic voltammograms upon continuous
cycling reveals that the current intensity in case of 5 wt% of carbon
(Figure 8a) decreases significantly, particularly for (F) and (E) upon
reduction and oxidation, respectively. This decrease in current inten-
sity for peak (F) is less pronounced for the materials containing 10
and 15 wt% carbon (Figures 8b and 8c) and may be counterbalanced
by the concurrent increase observed for (G), while the decrease for (E)
upon subsequent oxidation appears negligible. For 20 wt% of carbon
(Figure 8d), no great changes are observed after the first reduction
sweep, apart from a slight decrease of (F), accompanied by a slight
increase of (G). These results indicate that the overall amount of car-
bon, in fact, plays an important role for the reversibility of the lithium
ion uptake and release.

To further evaluate this influence of the carbon content, electrodes
based on the four different composites were cycled galvanostatically
(Figure 9). It should be noted that the calculation of the specific ca-
pacity is based on the weight of the overall Zn,¢Fe, ; O-C composite,
thus including the weight of the carbon and not taking into account
the lower capacity of the carbon (~265 mAh g'!; see Figure S2).
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Figure 8. Cyclic voltammograms (1% to 10! cycle) recorded for electrodes based on carbon-coated Zng 9Feg O, comprising (a) 5 wt%, (b) 10 wt%, (c) 15 wt%,

and (d) 20 wt% of carbon.
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Figure 9. Galvanostatic cycling of electrodes based on carbon-coated
ZngoFep 10, containing 5 wt% (red), 10 wt% (green), 15 wt% (blue), and
20 wt% (purple) of carbon: (a) constant current cycling (specific current: 50
mA g~! for the first three cycles and 100 mA g~ for the following ones); (b)
multi-rate cycling (1%t cycle: 20 mA g~!, followed by each ten cycles at 0.05
Agl,01Ag,02A¢g7,05Ag7 1, 1.0Ag7",20A¢g !, and5.0A g™ 1),

According to Figure 9a, it appears that for relatively low current den-
sities (100 mA g!) the carbon content has only little impact. A carbon
coating content of 10 wt% is apparently sufficient for obtaining a sta-
ble cycling at about 865 mAh g~!. Only the sample with 5 wt% of
carbon shows a lower coulombic efficiency accompanied by a slight,
though continuous, capacity fading, presumably related to the occur-
rence of parasitic reactions and/or the loss of available active material;
e.g., due to a loss of electronic contact. For elevated specific currents,
however, a carbon content of at least 15 wt% appears preferable with
respect to the power performance of these electrodes (Figure 9b),
while 20 wt% of carbon appears, indeed, to be the optimum.

Conclusions

Hybrid conversion/alloying anode materials such as, for instance,
transition metal-doped ZnO are a rather novel class of lithium-ion
active materials and, so far, only little is known about the influence
of different parameters on the electrochemical properties such as the
dopant concentration or the effect of varying the amount of the carbon
coating. To investigate the impact of these two parameters, a series
of Zn,;  Fe,O samples was synthesized, with x ranging from 0.02-
0.12, while the carbon coating content was varied from 5 to 20 wt%
(x = 0.1). Their comprehensive characterization revealed that the
variation of the dopant concentration in Fe-doped ZnO has a direct
effect on the particle size (higher Fe concentrations lead to smaller
particles) as well as the detailed de-/lithiation mechanism, indicated
by the varying shape of the corresponding potential profiles. The
electrochemical performance, however, is only little affected by the
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dopant concentration, revealing a reversible formation of Li,O even
for the lowest herein studied iron content of x = 0.02. Regarding the
impact of the overall weight ratio of the carbon coating in Zn, ¢Fe ; O-
C composites, it was found that 10 wt% are sufficient for allowing
a stable cycling at relatively low specific currents (100 mA g~1).
Nevertheless, when applying elevated currents, the beneficial impact
of higher carbon contents becomes evident and a minimum carbon
amount of 15 wt% appears favorable, while 20 wt% appears optimal.

Generally, these results highlight that the composition and design
of the active material (composite) are dependent on the targeted device
(power vs. energy; volume vs. mass), thus rendering such studies
highly important for their potential practical application.
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