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chemistry, i.e., neither the active material for 
the negative and positive electrode, nor the 
electrolyte composition or other cell com-
ponents. Especially with regard to the posi-
tive electrode, several materials have been 
commercialized, including LiCoO2 (LCO, 
the very first active material for the posi-
tive electrode in LIBs),[8] LiNi1–x–yMnxCoyO2 
(NMC), LiNi0.8Co0.15Al0.05O2 (NCA), as 
well as LiFePO4 (LFP), while others such 
as LiNi0.5Mn1.5O4 (LNMO) have reached a 
rather mature development stage already.[1,2] 
For the negative electrode, though, the 
choice of commercial active materials is 
essentially limited to (natural or synthetic) 
graphite – potentially with a minor frac-
tion of Si or SiOx, and in a few cases also 
Li4Ti5O12 as high-power, long lifetime alter-

native (but at the expense of a substantially lower energy den-
sity).[2,9] An alternative commercialized active material that has 
provided a superior energy density, is a composite of tin, cobalt, 
and carbon.[10] Nevertheless, this anode chemistry was ultimately 
commercially unviable due to the lack of availability and high 
cost of cobalt, the challenging synthesis, and the rather short 
cycle life of cells.[11–14] At the same time, further optimization of 
graphite-based negative electrodes appears very limited, moti-
vating the search for alternatives that provide enhanced energy 
and power density, while simultaneously ensuring safe opera-
tion of the battery cell.[3,15–18] A rather recently proposed class of 

Academic research in the battery field frequently remains limited to small 
coin or pouch cells, especially for new materials that are still rather far from 
commercialization, which renders a meaningful evaluation at an early stage 
of development challenging. Here, the realization of large lab-scale pouch 
cells comprising Sn0.9Mn0.1O2 (SMO), prepared via an easily scalable hydro-
thermal synthesis method, as an alternative active material for the negative 
electrode and LiNi0.6Mn0.2Co0.2O2 (NMC622) as a commercially available 
active material for the positive electrode is reported. Nine double-layer pouch 
cells are connected in series and parallel, suitable for powering a remote-
controlled vehicle. Subsequently, these SMO‖NMC622 cells are critically 
evaluated by means of an early-stage life cycle assessment and compared to 
graphite‖NMC622 cells, in order to get first insights into the potential advan-
tages and challenges of such lithium-ion chemistry.
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1. Introduction

About 30 years after their first introduction on the market, lithium-
ion batteries (LIBs) are the dominating battery technology to power 
portable electronic devices and (hybrid) electric vehicles, while 
they are also playing an increasingly important role for stationary 
energy storage applications.[1–5] Not least owing to this tremen-
dous success, the Nobel Prize in Chemistry 2019 was awarded to 
some of the scientists that have contributed in a truly outstanding 
manner to this development.[6,7] It is important to note, however, 
that the term ‘lithium-ion battery’ does not specify a certain battery 
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active materials that is combining the “classic” alloying and con-
version reaction with lithium are conversion-alloying materials 
(CAMs).[19] These materials are commonly based on the oxide or 
sulfide of an alloying element such as zinc, germanium, or tin, 
which have been intensively studied in different compositions 
and morphologies due to their high capacities and low working 
voltage,[13,20,21] and contain additionally a small amount of one 
or more transition metals that confines the aggregation of the 
alloying element and ensures a sufficient electronic conductivity 
within the initial primary particles to enable the reversible for-
mation of Li2O.[19,22–35] As already shown in a previous study, the 
incorporation of the Mn dopant into the SnO2 structure allows for 
stable cycling and high reversible capacities with good rate per-
formance, precisely, 1276 mAh g−1 at 20 mA g−1 and 651 mAh g−1  
at 2 A g−1, for instance.[34] A first estimation of the achievable 
specific energy revealed a potential improvement, e.g., for LIBs 
comprising Sn0.9Mn0.1O2 (SMO) as the active material for the 
negative electrode and LNMO for the positive electrode with about  
480 Wh kg−1 compared to 454 Wh kg−1 for a LIB containing 
graphite and LNMO (based on the mass of the active materials 
only, experimental data for the anode and theoretical data for the 
cathode).[34] These findings were corroborated by a subsequent lab-
scale study on (nonoptimized) full-cells employing a cobalt and 
manganese-containing tin oxide anode and an LNMO cathode, 
yielding 312 Wh kg−1 [32] compared to 259 Wh kg−1 that had been 
reported earlier for a comparable lab-scale graphite‖LNMO full-
cell.[36] Remarkably, more than 85% of the total capacity of the 
SMO‖LNMO full-cell was provided at a cell voltage >3 V, allowing 
for the stable operation of electronic devices.[32] Nonetheless, all 
these studies were based on rather small electrodes with a diam-
eter of slightly more than 1.1 cm2 and the use of Swagelok-type 
T-cells, i.e., rather far still from any industrially relevant setup. 
Moreover, any potential use of new active materials should be 
ideally critically evaluated concerning the potential economic and 
environmental impact at an early stage of development.[37–43] The 
challenges for the required life cycle assessment (LCA), however, 
are greater for less mature technologies.

Herein, we report the scale-up of an Sn0.9Mn0.1O2 (SMO) 
based lithium-ion cell, using LiNi0.6Mn0.2Co0.2O2 (NMC622) as 
the active material for the positive electrode, owing to the com-
mercial availability of the latter. Using these materials facilitated 
the subsequent LCA and comparison with a graphite analog, i.e., 
graphite‖NMC622 cells, which are already largely used in everyday 
life. The resulting pouch-type cells were connected in parallel 
and in series to power an electric remote-controlled vehicle. As 
such studies on lab-scale prototyping and the critical evaluation 
of the potential environmental impact of new, noncommercial 
materials and cell chemistries are very rare in literature, we hope 
that this work will motivate also others to go one step beyond 
the common lab-scale studies and, thus, support the potential 
transfer of scientific research into commercial applications.

2. Results and Discussion

2.1. Development of a Lab-Scale Battery Pack to Power  
a Remote-Controlled Vehicle

In a first step, we compared the estimated specific energy of 
SMO‖NMC622 lithium-ion cells and the graphite‖NMC622 

reference. The estimation of the specific energy at the active 
material level based on experimental values for the anodes 
and theoretical values for the cathodes, as described in the 
Experimental Section, yields a specific energy of 456 Wh kg−1 
for the reference cell and a slightly higher specific energy of 
468 Wh kg−1 for the SMO‖NMC622 cell (see also Table S1, Sup-
porting Information). It should be noted that this estimation 
(in both cases) did not include the first cycle irreversibility, 
which is an issue that still needs to be addressed for SMO-
type anodes – for instance, by advances concerning the mate-
rial design[44,45] and the development of suitable pre-lithiation 
strategies.[46,47] For the estimation of the specific energy at the 
cell level, the BatPaC tool developed by the Argonne National 
Laboratory in the USA, was used, suggesting an energy den-
sity of 231 Wh kg−1 for the graphite||NMC622 reference cell, i.e., 
approximately half of the specific energy at the active material 
level. Assuming a comparable overall cell composition, the 
same ratio was used for the estimation of the specific energy of 
the SMO||NMC622 at the cell level, yielding 237 Wh kg−1. Con-
sidering the good rate capability of tin oxide-based anodes,[32,34] 
and the potential, relatively greater increase in energy density 
when rising the upper cut-off voltage of such full-cells,[48,49] 
these values are generally promising, which motivated us to go 
ahead with the exemplary scale-up of such lithium-ion cells.

For this purpose, we selected a suitable electronic device to 
be powered by our self-designed battery pack, a device that is 
sufficiently large and to which our battery cells can be rather 
easily connected. We finally chose a remote-controlled electric 
vehicle (Figure 1).

According to the product specifications the vehicle 
requires a battery pack with an overall voltage of 9 V. We thus 
recorded the charge and discharge voltage of a small-scale 
SMO‖NMC622 lithium-ion cell (Figure 2a) in order to estimate 
how many cells we needed to connect in series to reach at least 
9 V. Given the average full-cell voltage of about 3.0 V upon dis-
charge (as indicated by the orange arrows in Figure  2a), we 
opted for three cells in series. For the design of the battery 
pack, however, we also needed an idea of the required current 
that was not mentioned in the product specifications. There-
fore, we connected the remote-controlled vehicle without any 
battery to a potentiostat, set the voltage to 9 V, and started to 

Figure 1.  Photograph of the remote-controlled vehicle with the commer-
cial battery pack.
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“drive” the vehicle (upside down in order to stay connected 
with the potentiostat) while recording the current. To simulate 
the friction of the floor during driving, we applied a homo-
geneous pressure on the tires. Figure 2b shows the resulting 
utilization profile with an indication of the different “current 
events”. This experiment showed that the vehicle required an 
average current of 350 mA.

Considering a meaningful operation time of the battery 
pack, we chose a double-side coated NMC622 cathode with an 
areal capacity of 3.5 mAh cm−2 and punched squared electrodes 
of 4 × 4 cm2, resulting in a total capacity of 112 mAh. With three 
cells connected in parallel, this would provide a total capacity 
of 336 mAh, so sufficient to power the remote-controlled elec-
tric vehicle for about one hour. The SMO anode was designed 
accordingly with a slight capacity excess in the first charge to 
avoid any potential lithium plating. As the average first dis-
charge capacity was found to be about 1600 mAh g−1, we pre-
pared electrodes with an average active material mass loading 
in the range from 2.5 to 3.0 mg cm−2, resulting in an areal 
capacity of 4.0–4.8 mAh cm−2, i.e., slightly larger than the areal 

capacity of the NMC622 cathode. To ensure a good alignment 
of the two electrodes, the anode was cut with somewhat larger 
dimensions of 4.4 × 4.4 cm2.

The resulting pouch cells (see Figure S1, Supporting Infor-
mation for a schematic illustration of the single cells) were 
connected in series and parallel as depicted in Figure 3a,b. The 
open-circuit voltage in the charged state was 11.4 V, i.e., suffi-
ciently high for powering the remote-controlled vehicle and the 
total capacity was about 336 mAh. The eventual battery pack was 
connected to the vehicle as displayed in Figure 3c and the suc-
cessful use of the developed battery pack is presented in Video S1,  
Supporting Information. The car was running for >3 h  
and is still running. It is interesting to note that the complete 
lithium-ion battery pack had a total volume of around 60 cm3 
with a weight of 62 g. Both the volume and the mass were sub-
stantially lower than the commercial alkaline battery pack that 
is commonly used for such remote-controlled vehicles with 
about 100 cm3 and 165 g, respectively. This improvement is gen-
erally expected with regard to the common energy density of 
the different battery technologies,[50] but still nicely highlights 

Figure 2.  a) Exemplary charge and discharge profile of a SMO‖NMC622 cell (in red), cycled in a three-electrode configuration in order to deconvolute 
the contribution of the anode (in green) and cathode (in blue); the orange arrows are indicating the average discharge voltage of the full-cell. b) Uti-
lization profile of the remote-controlled vehicle, showing the current recorded when setting the voltage to 9.0 V; the different typical “current events” 
are indicated in the profile.
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the general advantages of (secondary) lithium-ion batteries over 
(primary) alkaline batteries.

2.2. Life Cycle Assessment – The SMO Active Material

Following these intriguing results, we conducted a critical LCA 
of this alternative battery cell chemistry. Given the early stage of 
development, this “preliminary” or “prospective” LCA certainly 
just serves as a starting point and will have to be conducted 
again at a later stage, but such “development-accompanying” 
analysis helps to identify particularly critical aspects that might 
thus be addressed at a rather early stage to ensure compliance 
with sustainability criteria.

In a first step, a basic evaluation of the SMO synthesis was 
performed, yielding the expected phase-pure rod-like SMO 
particles (Figure S2, Supporting Information).[32,51] The con-
tinuous hydrothermal flow method was chosen because of the 
potential scale-up and the proven suitability for yielding high-
performance transition metal-doped SnO2 for application as 
the active material in lithium-ion anodes.[32,51] The synthesis 
procedure is briefly summarized in Figure 4. In brief, the pre-
cursor solutions are pumped together into a T-piece mixer at 
room temperature to obtain a homogeneous solution. Simul-
taneously, deionized water is heated to 450 °C at a pressure of  
24.1 MPa to form supercritical water, which is then pumped 
into a confined jet mixer. Therein, it is combined with the pre-
cursor solutions and a turbulent mixing develops, resulting 

Figure 4.  Simplified illustration of the continuous hydrothermal flow synthesis apparatus to produce the SMO active material.

Figure 3.  Schematic illustration of the battery pack design with a) the impact of connecting three pouch cells in series and parallel and b) photographs 
of the assembled pouch cells to power the remote-controlled vehicle. c) Photographs of the battery pack and the battery pack connected to the remote-
controlled vehicle.
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in a rapid crystallization of nanoparticles. Subsequently, the 
aqueous slurry containing the nanoparticles is cooled down to 
about 40 °C and led through a back-pressure regulator. Finally, 
the slurry is washed several times with deionized water via dial-
ysis and, eventually, freeze-dried to yield a fine SMO powder.

In Figure 5, the total life cycle impact per kg of SMO active 
material produced is presented, divided into the four catego-
ries “acidification”, “climate change”, “resource depletion”, and 
“particulate matter”. For each category, the relative impact of 
selected synthesis parameters is indicated, including the energy 
demand, the two precursors K2SnO3 and Mn(NO3)2, the waste 
treatment, and the consumption of deionized (DI) water. There 
are essentially two main contributors that have an environ-
mental impact: the energy demand and the precursor K2SnO3. 
The energy demand includes the electricity used for the opera-
tion of the pumps and drying ovens and dominates the impact 
categories “acidification” and “climate change”. Additionally, it 
significantly contributes to the “particulate matter” potential. 
The impact is pronounced owing to the use of energy from the 
average European electricity mix, which is characterized by a 
significant contribution from the combustion of fossil fuels, 
leading to the release of greenhouse gases, sulfur dioxide, and 
particulates into the atmosphere. The synthesis of SMO cur-
rently requires the use of two pumps to deliver the different 
precursors and one pump to deliver the DI water; the latter 
pump flow is connected to a heater to generate supercritical 
water inflow and is contributing with almost 40% to the total 
energy demand, while the contribution of the remaining pumps 
is negligible. The operation of the oven to dry the SMO slurry is 
the process with the largest specific energy demand, amounting 
to about 60%. Especially this process provides great potential 
for further improvement given the non-optimized nature of a 

pilot-scale production line. It can be inferred that scaling up 
the SMO synthesis might lead to a significant decrease in the 
energy needed for this step. The second large contribution 
is the potassium stannate precursor and its supply chain. It 
accounts for most of the total impact related to resource deple-
tion. The extraction and refining of tin are considered to be of 
greatly polluting nature due to the release of large amounts of 
sulfur dioxide (SO2) and other particulates, while the material 
itself is deemed as a critical resource.

In a second step, the same impact analysis was performed 
for the SMO/NMC622 anode/cathode chemistry by including 
the impact of the NMC622 cathode and the results were com-
pared with the graphite/NMC622 reference cell chemistry. For 
this analysis, the earlier estimated specific energy of the dif-
ferent cell chemistries at the active material level and the 
anode/cathode ratio were taken into account in order to cal-
culate the specific impact per unit of energy storage capacity. 
Figure 6 illustrates the relative impacts of the anode and 
cathode for the two cell chemistries with regard to the four cat-
egories introduced along with Figure  5. For this comparison, 
an additional scenario for the SMO/NCM622 cell chemistry 
was included, referred to as ‘optimistic’ (i.e., SMObaseline and 
SMOoptimistic), which considered the potential improvements for 
the SMO synthesis in the case of the scale-up to an industrial 
level. In this ‘optimistic’ scenario, a product yield (Y) of 95% 
was used (in contrast to a 75% yield in the ‘baseline’ scenario) 
and the energy demand was reduced to half of the ‘baseline’ 
value, herein referred to as an energy use factor (EUF) of 0.5. 
Different strategies may be considered in order to achieve such 
increase in the yield: First, the synthesis parameters (time, tem-
perature, pH, reagent concentration, pressure, reagent salts) 
have not been optimized, yet, which certainly provides room 

Figure 5.  Life cycle impact per kg of SMO that is synthesized, divided into the four categories “acidification”, “climate change”, “resource depletion”, 
and “particulate matter” with an indication of the relative contribution of the two precursors K2SnO3 and Mn(NO3)2, the waste treatment, and the 
consumption of deionized (DI) water.
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for improving the product yield. Second, when pumping the 
metals/base into the reactor, the reagents take a short amount 
of time to reach a stable concentration due to diffusion of the 
reagents in the pipes prior to meeting the mixing point. As 
such, the first and last milliliters of the product are discarded 
to ensure that the collected product is homogenous. At larger 
production scales, the amount of discarded material becomes 
insignificant compared to the amount collected, leading to a 
significant improvement of the yield. Furthermore, the pro-
cess would certainly be streamlined, thus, removing any losses 
from manual handling. For instance, when the material is cen-
trifuged/dialyzed/freeze-dried, there are inevitable losses. At 
scale, these would certainly be minimized. Additionally, other 
techniques such as heat recovery may lead to improved energy 
efficiency.

In almost all cases, the NMC622 cathode has a relatively 
larger impact for each category, which is not least related to 
the larger mass fraction due to the lower specific capacity of 
NMC622 compared to graphite and SMO. There is only one 
exception: the “resource depletion” in the case of SMO, which 
substantially exceeds the relative impact of NMC622, as also tin 
(just like cobalt and lithium) is considered a critical resource. 
While the impact is significantly reduced in the optimistic sce-
nario already, it should also be noted that this estimation of the 
life cycle impact does not take into account potential geopolit-
ical constraints that might have an effect on the supply chain. 
Since this might be particularly relevant for cobalt,[52] the rela-
tive impact of NMC622 might be generally underestimated here. 
Also, the comparison SMO vs. graphite has to be taken with 
some care. The values for SMO were calculated based on the 
direct input from the synthesis, while the values for graphite 
were taken from the Ecoinvent database. In that case, very 

conservative assumptions of the power and energy demand 
were used in the model, while the production of battery-grade 
graphite and its related impacts generally entail a high degree 
of uncertainty, as reported by Ecoinvent, due to the noncom-
prehensive and little amount of data available, as also explic-
itly noted in the description of the respective dataset. In fact, 
according to a recent LCA study using primary data from a 
Chinese graphite manufacturer, the global warming poten-
tial (GWP) related to the production of battery-grade graphite 
is more than four times higher than the GWP found in the 
Ecoinvent database 3.7.1.[53] When taking the previous into 
consideration, it is likely that the difference in environmental 
performance between both chemistries will become narrower 
and more in favor of the SMO/NMC622 chemistry – initially, 
with regard to the GWP category and potentially also affecting 
the other categories.

In a third step, the complete SMO‖NMC622 battery cell 
was evaluated to calculate the total footprint, which facilitates 
the comparison with other systems reported in the literature 
(see also Table S3, Supporting Information for the cell compo-
sition). Such calculation of the aggregated impacts at the cell 
level moreover serves to illustrate the relevance of the anode 
and each component in the overall footprint of the system. 
Figure 7 displays the relative contributions with regard to the 
four impact categories. In general, the two electrodes have 
the greatest impact, accounting for more than half of the total 
impact in all four categories. The third greatest factor is the cell 
manufacturing owing to its high energy intensity, specifically 
the electricity needed for maintaining a suitably dry atmos-
phere for several stages of the cell assembly. The contribution 
of the other cell components appears rather negligible in com-
parison at this stage of the evaluation.

Figure 6.  Relative life cycle impact per unit of energy storage capacity for the SMO/NMC622 cell chemistry – once with the current input data for the 
SMO synthesis (SMObaseline) and once considering the scale-up of the synthesis going along with an enhanced yield and energy efficiency (SMOoptimistic) 
as specified in the text – and the graphite/NMC622 cell chemistry for comparison. All percentage values refer to the maximum impact obtained for one 
of these cell chemistries.
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In the following, a more dynamic evaluation of the life cycle 
impact of the SMO synthesis is provided in the form of a sensi-
tivity analysis, which also serves to assess the uncertainty when 
studying systems at an early development stage. As discussed 
above, the most critical impact factors are the energy demand 
– in other words, the energy use factor (EUF) – and the pro-
duction yield (Y); these two factors had also been modified 
above for the ‘optimistic’ scenario. In Figure 8, the sensitivity 
of the total environmental impact of the cell as a function of a 
varying EUF for the SMO synthesis is depicted. The improve-
ment of the EUF to 0.5 in the most favorable scenario would 

lead to a reduction of the ‘cumulative energy demand’ (CED) 
to about 90% and a similar drop of the ‘climate change’ poten-
tial. A little less affected are the ‘acidification’ and ‘particulate 
matter’ potentials, while negligible effects are observed for the 
“resource depletion”. The latter, however, is the most sensitive 
toward changes in Y (Figure 9). Increasing this to the theoret-
ical maximum, i.e., Y = 100%, would result in a reduction of the 
impact of the ‘resource depletion’ to 86.9%. Nonetheless, also 
the other impact categories would be considerably affected by 
increasing Y, which is, in fact, rather straightforward, as any 
increase in Y results in a significant reduction of, for instance, 
the ‘CED’ or ‘climate change’ per mass unit of SMO.

Figure 7.  Comparative life cycle impact analysis of the different cell components for the SMO‖NCM622 battery chemistry with regard to the four cat-
egories “acidification”, “climate change”, “resource depletion”, and “particulate matter”. Note that the impact of each category was normalized to 
100%, while the absolute values differ quite substantially with 6.5 × 10−4, 7.2 × 10−2, 7.9 × 10−5, and 6.1 × 10−5 for the four categories (see also Table S2, 
Supporting Information), respectively.

Figure 8.  Sensitivity of the environmental impact categories “acidifica-
tion”, “climate change”, “resource depletion”, and “particulate matter” 
on a variation of the energy use factor (EUF) for the SMO synthesis.

Figure 9.  Sensitivity of the environmental impact categories “acidifica-
tion”, “climate change”, “resource depletion”, and “particulate matter” 
on a variation of the production yield (Y) for the SMO synthesis.
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A final comparison of the two scenarios of the SMO‖NMC622 
cell chemistry (“baseline” and “optimistic”) with the 
graphite‖NMC622 reference is presented in Figure 10. This 
comparison indicates that the reference cell chemistry remains 
superior to the alternative SMO-comprising cells with regard 
to the environmental impact, despite the slightly higher spe-
cific energy of the latter – at least at this early development 
stage and using the given synthesis method. Nonetheless, 
the “optimistic” scenario with an EUF of 0.5 and Y  = 95% is 
approaching the reference cell chemistry in all impact catego-
ries apart from the ‘resource depletion’ – in this case the need 
for tin. In fact, this impact category might only be addressed by 
further increasing Y and/or by using recycled tin as the initial 
precursor; especially the latter appears to be a very powerful lev-
erage to address this issue. The use of recycled materials and 
potentially different precursors might then also have an impact 
on the total energy demand, in addition to the scale-up, while 
the energy demand for the graphite production might be sub-
stantially underestimated, as discussed above. Consequently, 
it appears that the alternative SMO‖NMC622 cell chemistry 
might eventually (at least) compete with the graphite‖NMC622 
reference when further optimizing the SMO synthesis.

3. Conclusions

A proof-of-concept large lab-scale prototype battery pack 
comprising Sn0.9Mn0.1O2 (SMO), prepared by a continuous 
hydrothermal flow synthesis, as the active material for the neg-
ative electrode and commercial LiNi0.6Mn0.2Co0.2O2 (NMC622) 
as active material for the positive electrode, was realized. 
Each pouch cell consisted of a double-side coated cathode 
and two single-side coated anodes. Three of these cells were 
connected in parallel forming one stack of cells and three of 

these stacks were connected in series to yield a voltage and 
current sufficiently high to power a remote-controlled electric 
vehicle for several hours. This alternative battery chemistry 
was moreover evaluated by an early-stage LCA and compared 
with the commercially well-established graphite‖NMC622 
chemistry, serving as a reference. The results of this analysis 
show that the reference chemistry is presently favorable from 
the environmental point of view. However, the anticipated 
optimization of the SMO synthesis concerning energy use 
factor (EUF) and production (yield) in combination with the 
use of recycled tin instead of primary resources might even-
tually render the two cell chemistries competitive, while the 
specific energy and rate capability of the alternative is poten-
tially (slightly) higher. This is particularly true when elevating 
the cut-off voltage upon charge and taking into account that 
recent attempts to reduce the uncertainty associated with the 
production of battery-grade graphite, as used in commercial 
LIBs, have revealed that its environmental footprint has been 
largely underestimated.

Additionally, these results nicely underline another important 
aim of this study: to motivate other scientists and researchers 
as well to go more often beyond the commonly used coin cells 
and to perform a continuous critical analysis of new alterna-
tive active (and inactive) materials in order to get an idea of the 
potential impact already at a rather early stage of development 
(despite the accordingly higher degree of uncertainty) and to 
identify remaining issues that need to be overcome prior to any 
potential application or scale-up of the battery cell fabrication.

4. Experimental Section
Synthesis of Sn0.9Mn0.1O2: The synthesis of Sn0.9Mn0.1O2 (SMO) used 

as the active material for the negative electrode had been reported in 
detail earlier[32] using an easily scalable hydrothermal synthesis.[54] 

Figure 10.  Comparison of the environmental footprint with regard to the “CED”, “acidification”, “climate change”, “resource depletion”, and “particu-
late matter” for the SMObaseline‖NMC622, the SMOoptimistic‖NMC622, and the graphite‖NMC622 cell. The total values are indicated in the corresponding 
columns (see also Table S2, Supporting Information) and the maximum of 100% always corresponds to the maximum value calculated among the 
three different cells.
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A schematic of the synthesis process is provided in Figure  4. Briefly, 
manganese(II) nitrate tetrahydrate (98%, Sigma–Aldrich) and 
potassium stannate (K2SnO3) trihydrate (99%, Sigma–Aldrich) 
were separately dissolved in deionized water. The two solutions 
were inserted into a continuous hydrothermal flow reactor [54,55] in 
stoichiometric amounts and mixed in a T-shaped mixing device. 
Additionally, supercritical (450 °C, 24.1 MPa) deionized water was 
delivered to meet the other combined solutions in a jet mixer, in which 
the nanoparticles were formed instantaneously. The resulting slurry 
was cooled down (pipe in pipe mixer) and brought to normal pressure 
after exiting the back pressure regulator. Subsequently, the water was 
removed from the product slurry and the wet solids were washed 
several times with deionized water, cleaned via dialysis, and finally 
freeze-dried. A comprehensive physicochemical characterization of the 
thus synthesized SMO nanoparticles was reported in Birrozzi et al.[32] A 
brief characterization by means of X-ray diffraction and high-resolution 
transmission electron microscopy was conducted using a Bruker D8 
Advance (Cu-Kα radiation, λ  = 0.154 nm) and an image Cs-corrected 
FEI Titan 80–300 kV at 300 kV, respectively.

Electrodes Preparation and Cell Assembly: Electrodes were prepared 
by dispersing the SMO active material and the conductive carbon 
(SuperC65, TIMCAL) in an aqueous solution of sodium carboxymethyl 
cellulose (CMC, Dow Wolff Cellulosics) in deionized water using a 
planetary ball mill (Fritsch Pulverisette 4). The weight ratio of the active 
material, conductive carbon, and binder was 75:20:5. The resulting 
electrode slurry was cast on dendritic copper foil (Schlenk, 99.9%) with 
a wet-film thickness of 120 µm. The wet electrodes were dried at room 
temperature overnight, cut into squared electrodes of 4.4 × 4.4 cm2, and 
dried once more under vacuum at 120 °C for 24 h. The average active 
material mass loading was 2.5–3.0 mg cm−2. The positive electrodes 
with NMC622 as active material were acquired from CUSTOMCELLS with 
an areal capacity of 3.5 mAh cm−2. Squared electrodes of 4.0 × 4.0 cm2  
were cut in order to ensure a complete overlap of the positive 
electrodes with the negative electrodes. Consequently, the N:P ratio 
was ≈1.5 or 1.3 cm−2 (taking into account the first lithiation capacity 
of the negative electrode). As a separator a layer of Celgard 2325 was 
used, which was soaked with 800 µL of a 1M solution of LiPF6 in a 
1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), 
supplied by UBE. The pouch cells were assembled in the dry room with 
a dew point of less than −70 °C. Each pouch cell comprised a double-
side coated positive electrode, sandwiched by two single-side coated 
negative electrodes in order to increase the capacity and, thus, energy 
per cell. The eventually prepared pack of pouch cells was used to power 
a remote-controlled vehicle (Top Gear Rally Car, LEGO). For the small-
scale lithium-ion cell used to determine the average discharge voltage, 
the authors cut small discs with a diameter of 12 mm from both the 
SMO and the NMC622 electrode, and removed the electrode coating 
from one side of the double-side coated NMC622 electrode. Swagelok-
type three-electrode cells were assembled in an argon-filled glove box 
with an oxygen and water content of less than 0.1 ppm. Metallic lithium 
foil (battery grade, Honjo) served as a reference electrode. The other 
cell components (electrolyte and separator) were the same as for the 
large pouch cells.

Electrochemical Characterization: For the galvanostatic cycling of the 
three-electrode cell, a multi-channel potentiostat/galvanostat (BioLogic. 
VMP-3) was used. The cut-off voltages were set to 0.01 V and 3.0 V for 
the negative electrode and to 2.5 and 4.1 V for the positive electrode. The 
specific current applied was 5 mA g−1.

To estimate the current needed to power the remote-controlled 
vehicle, a single-channel potentiostat (BioLogic, VMP-200) was utilized 
and the voltage applied was set to 9.0 V. The lab-scale prototype cells 
were charged by means of a Maccor battery tester, setting the upper 
cut-off voltage to 4.1 V and applying a current of 11 mA. The prototype 
battery pack was charged in three parts, i.e., always three cells 
connected in parallel in order to not exceed the voltage limit of the 
channel. The temperature for the two galvanostatic experiments was 
20  °C, while the constant voltage experiment was conducted at room 
temperature.

Life Cycle Assessment – Methodology: The life cycle assessment 
of the active materials in the electrodes for the scaled-up cell was 
performed in accordance with the guidelines established in the ISO 
standards 14040/14044 for the LCA methodology.[56] The life cycle stages 
considered in the analysis were those comprised in the cradle-to-gate 
approach, which describes the mass and energy flows along the initial 
life cycle stages of the system and until the gate of the factory where it is 
produced. These stages are mainly associated with resource extraction, 
supply chain, and system manufacture. The use-phase and end-of-life 
were excluded from the analysis, as these stages entail a high degree 
of uncertainty for an emerging technology. The environmental impacts 
of the system were described in terms of a functional unit which, 
for the specific case, was defined as 1 Wh of cell capacity. Generally, 
the LCA methodology offers a broad range of impact assessment 
methods (LCIA), each comprising a predefined set of impact categories 
focusing on specific areas of concern. These categories encompass 
the environmental implications of using potentially scarce natural 
resources and various potential emissions into the biosphere such as 
greenhouse gases, acidification agents, and particulates with an impact 
on human health.

Each category is described in units of equivalence used to quantify 
the corresponding impacts as a function of a reference compound 
or resource. All the material and energy flow coming in and out of 
the system (i.e., from and to the biosphere) are translated into the 
respective units via characterization factors allocated to each flow. 
According to the recommendations of the product environmental 
footprint category rules for rechargeable batteries by the European 
Commission,[57] the most relevant impact categories for the study of 
battery systems are “acidification” (terrestrial and freshwater), “climate 
change”, “resource depletion” (energy carriers and minerals) and 
respiratory inorganics (herein referred to as “particulate matter”). In this 
case, the chosen LCIA is the ILCD 2011 Midpoint+ provided in the LCIA 
method package 2.1.1 by the consultancy and software development 
company Green Delta (https://nexus.openlca.org/) and implemented 
in the software OpenLCA. The impact categories of interest can be 
found within the ILCD Midpoint methodology labeled in the following 
manner: “acidification”, indicating the potential damage to soil and 
waters from the release of acidifying agents and measured in molc 
(moles of charge) H+ eq; “climate change”, related to the emission of 
CO2 and other greenhouse gases measured in kg CO2 eq; “mineral, 
fossil, and renewable resource depletion” (kg Sb eq), herein referred 
to as “resource depletion” and related to the extraction of abiotic 
resources; and “particulate matter” (kg PM2.5 eq), covering the effects 
of fine particulates with an aerodynamic diameter of less than 2.5 µm.[58] 
An estimation of the CED, expressed in MJ/MWh is also offered as a 
reference for the energy intensity. The analysis performed herein largely 
focuses on the findings for the negative electrode, as the positive 
electrode was the same for the two cell chemistries and since there are 
many studies reported for conventional LIBs.[39,59–78] For the sake of 
completeness, however, the full list of all sixteen categories of the ILCD 
method are presented in Table S2, Supporting Information.

Owing to the premature state of the technical development of the 
anode active material synthesis, a sensitivity analysis was performed to 
assess the uncertainty of the results in the face of changing conditions. 
The sensitivity of the SMO production to material yield and energy 
demand was estimated separately and for a certain range of values. These 
parameters were selected based on their suitability to reflect changing 
process efficiencies, typically resulting from scaled-up manufacturing. 
Eventually, a comparison with a conventional graphite||NCM622 cell was 
conducted as a benchmark for the potential of the novel system.

Life Cycle Assessment – System Modelling: The first stage of the 
analysis assessed the potential environmental performance of the SMO 
active material. This assessment took into account the performance of 
the anode material (SMO vs graphite) in combination with the cathode 
active material NMC622. To compare the specific energy of the two battery 
chemistries SMO||NMC622 and graphite||NMC622, the experimentally 
obtained specific capacities and delithiation profiles of a commercial 
graphite anode (SLP30, IMERYS) and an SMO anode in half-cell 
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configuration were used, providing 363 and 612 mAh g−1, respectively, 
up to an upper cut-off of 1.0 V. For the NMC622 cathode we assumed an 
average lithiation potential of 4.0 V vs. Li+/Li and a theoretical capacity 
of 160 mAh g−1. The N:P ratio was set to 1.1. The results are summarized 
in Table S1, Supporting Information. A calculation of the specific energy 
for a graphite||NMC622 cell using the BatPaC tool developed by the 
Argonne National Laboratory in the USA yields a specific energy of 
231 Wh kg−1 at the cell level for the graphite‖NMC622 cell chemistry, i.e., 
approximately half of the value calculated for the active material level. 
Assuming a comparable cell composition, the same ratio was used for 
the estimation of the specific energy of the SMO||NMC622 at the cell 
level, yielding 237 Wh kg−1, i.e., a slight increase. The cell composition 
used for the LCA, as summarized in Table S3, Supporting Information, 
followed a previous study by Peters and Weil[61] and takes into account 
the different anode/cathode active material ratio for the two different cell 
chemistries (assuming an N:P ratio of 1.1).

The life cycle inventories (LCI), i.e., datasets describing the mass 
and energy flows of the assessed products, were constructed by 
implementing a hybrid approach that incorporated data from different 
sources and for products at different technology readiness levels. This 
procedure was chosen owing to the early stage of development of SMO, 
which was synthesized using a pilot line, so there was no data available 
for a fully developed synthesis at the industrial level. Two scenarios were 
considered: i) A baseline scenario, taking into account the pilot line data, 
and ii) an optimistic scenario, emulating an increased efficiency of the 
SMO synthesis to enable a fairer comparison with the well-developed 
graphite reference system. Further details of the two different scenarios 
are provided along with the discussion of the results. The production of 
the main SMO precursors such as potassium stannate trihydrate and 
manganese nitrate tetrahydrate were modeled based on the synthesis 
methods reported in the literature.[79,80] The average European ENTSO-E 
electricity mix as found in Ecoinvent was used for the modeling of 
the production of the anode material. More details concerning the 
inventories are provided in Table S5–S10, Supporting Information.

The LCA of the full-cells follows a model earlier reported by Peters and 
Weil,[69] who developed a unified LCI for a conventional graphite‖NCM622 
cell based on the most frequently used inventories reported in the 
literature. The data for the supply chain, transportation, infrastructure, 
and other processes associated with the cell manufacturing were 
extracted from the commercial database Ecoinvent V3.7.1.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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