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voltaics (OPVs),[1,2] supercapacitors,[3] tran-
sistors,[2] thermoelectrics,[2] lithium ion 
batteries (LIBs),[3,4] and other metal cation 
battery systems.[3,4] Recently, CP research 
has increasingly focused on developing 
novel, simplified reaction schemes as an 
alternative to costly multi-step synthetic 
procedures with traditionally catalyzed 
cross-coupling reactions that may be diffi-
cult to implement at scale.[5] For example, 
previous reports have demonstrated that 
OPV cost scales directly with the number 
of synthetic steps,[6] and significant effort 
has been dedicated toward developing 
new, comparatively simple polymerization 
methods such as direct heteroarylation to 
produce conjugated polymers.[5,7]

Within the LIB field, polyaniline is 
frequently utilized as a CP active mate-
rial for electrodes to produce organic bat-
teries.[3,4] Similarly, imine-based covalent 
organic frameworks (COFs) have received 
significant interest as a new class of mate-

rials for energy storage applications, including as promising 
LIB electrode materials.[8] These materials are typically syn-
thesized using a combination of condensation reactions,[8–12] 
acid-catalyzed conditions,[8,10–12] autoclave-based methods,[13,14] 
or microwave-assisted synthetic procedures,[11] which are often 
not compatible with other fragile nanoscale materials that may 
be susceptible to oxidation or degradation in harsh synthetic 
conditions. Imine-based CPs have been previously synthesized 
using condensation reactions and are an important founda-
tional material within the field,[15] however these reactions are 
not compatible with other water or oxygen sensitive materials 
and have therefore remained inaccessible for a variety of appli-
cations. The novel imine metathesis reaction that we have 
developed is a universal approach that is compatible with mate-
rials that are unstable to these conditions.

Various polymers have been developed to improve the per-
formance of silicon anodes by modifying polyacrylic acid,[16–19] 
by forming various cross-linked polymers,[20–23] by forming 
cyclized polyacrylonitrile groups,[24] by polycondensation,[25] 
by adding commercially available polythiophenes,[26] or by 
using traditionally cross-coupled polymerizations.[27] Drawing 
inspiration from direct heteroarylation and imine-based COF 
synthetic methods, we have developed a novel method to syn-
thesize hyperbranched, conjugated imine polymers compatible 

This work reports a new method to synthesize polyphenylmethanimine 
(polyPMI) as a linear or a hyperbranched, conjugated polymer using an 
aldehyde-imine metathesis reaction. This work details the reaction mechanisms 
of this polymerization by characterizing a red-shift in its absorption spectrum 
as polymer conjugation length increases and verifies that this optical shift 
results from extended π-condensation using density functional theory. This new 
synthetic approach provides a polymer that can potentially be depolymerized 
for facile recyclability and is compatible with air- and water-sensitive chemis-
tries. As an example of the utility of this new approach, this work demonstrates 
that this polymer can be directly grown on silicon nanoparticles to create silicon 
anodes for lithium-ion batteries with a high degree of electrochemical inter-
facial passivation. These silicon anodes exhibit Coulombic efficiencies above 
99.9% and can accommodate silicon nanoparticle expansion and contraction 
during lithiation and delithiation as demonstrated by stable reversible capaci-
ties for 500 cycles. Finally, this work demonstrates that polyPMI facilitates the 
formation of a lithium fluoride rich solid electrolyte interphase that remains 
chemically and mechanically stable after long term cycling.
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1. Introduction

Conjugated polymers (CPs) have driven innovations in a variety 
of energy conversion and storage fields including organic photo

© 2023 Alliance for Sustainable Energy, LLC and Pacific Northwest National 
Laboratory and The Authors. Advanced Energy Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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with water- and air-sensitive materials. This method is based 
on stepwise reactions to form an alkylimine precursor that is 
subjected to a metathesis reaction with an aldehyde resulting 
in an alkyl aldehyde rather than a water byproduct. This alde-
hyde-imine metathesis reaction affords a simple route to both 
linear and branched conjugated oligomeric coatings that have 
the potential to be useful for a variety of applications given the 
imine group’s inherent recyclable/depolymerizable nature as 
well as compatibility with water- and oxygen-sensitive species. 
To demonstrate the utility of this novel synthetic approach, we 
leverage this aldehyde-imine metathesis reaction for making 
CPs in LIBs using silicon nanoparticles as the active anode 
material. More broadly, our results demonstrate a new class 
of simple step-growth CPs with potential utility for a variety of 
energy conversion, storage, or recycling[28] applications previ-
ously inaccessible for imine-based CPs.

2. Results and Discussion

Scheme 1a illustrates a conventional approach wherein benzene-
1,4-dicarboxaldehyde (terephthalaldehyde, TPA) undergoes a 
condensation reaction with phenylenediamine (PDA) to produce 
polyphenylmethanimine (polyPMI) and water as the reaction 
byproduct. Our newly developed method is a two-step synthetic 
route to a similar polyPMI CP. In this new methodology, an alky-
limine precursor is first synthesized by reacting PDA with hex-
anal (hexaldehyde) via a simple condensation reaction as shown 
in Scheme 1b. Diglyme is chosen as a suitable solvent because 
of its relatively high boiling point (162 °C), its ability to dissolve 
polar species, and its absence of potentially reactive carbonyl 
moieties. Hexanal is chosen as a suitable reagent because it is 
the shortest alkyl aldehyde with a boiling point that is signifi-
cantly above that of water (130 °C), which facilitates dehydration 
of the resulting hexylimine precursor. This precursor is used to 
effect metathesis reactions with the phenylaldehyde moieties in 
TPA as shown in Scheme 1c to form a polyPMI oligomer.
Figure 1a shows images of the reaction evolution of the conven-

tional one-step process (Scheme 1a), where a systematic change 
in color is observed with increasing reaction time at 120 °C.  
The reaction progresses rapidly to produce an orange-colored  

polymer suspension after only 10 min, with minimal changes 
to the solution after this time. Figure 1b shows images of our 
newly developed two-step imine metathesis reaction evolution 
shown in Scheme 1c. Compared with the conventional conden-
sation reaction, the two-step imine metathesis reaction pro-
gresses more slowly and continues to progress over the course 
of 60 min at 120 °C to produce a dark red colored polymer solu-
tion. Figure 1c shows a series of absorption spectra across the 
ultraviolet to visible range (UV–vis) collected over 60  min for 
this imine metathesis polymerization reaction (note: spectra 
collected at ambient temperature). The spectra show a system-
atic red-shift in the polymer absorption edge, indicating an 
increase in π-conjugation length as the reaction progresses.

To corroborate that the observed color changes are due to for-
mation of simple π-conjugated polymers with increasing chain 
length, we conduct density functional theory (DFT) calculations 
for the polyPMI oligomers. Figure 1c shows the predicted nat-
ural transition orbitals (NTOs) for a polyPMI dimer, wherein 
electron orbital delocalization can be seen across the imine  
π-bond bridge. Figure  1d shows the predicted absorption 
spectra for four oligomer lengths, where the simulations pre-
dict a systematic red-shift in the absorption spectra and increase 
in π-conjugation length. These DFT simulations verify that the 
aldehyde-imine metathesis reaction is a viable route to highly 
conjugated polymers, apparently with greater π-conjugation 
length and solubility than similar polyimine polymers from the 
conventional imine condensation process, as evidenced by the 
darker color of the polymer solution show in Figure 1b.

We next probe the polymer formation mechanism using 
a series of proton nuclear magnetic resonance spectroscopy  
(1H NMR) experiments. Figure  2 shows the 1H NMR spectra 
for the imine precursor formation using PDA and hexanal (as 
depicted in Scheme 1b). In addition, the relative aromatic peak 
positions are consistent with the formation of the proposed 
imine precursor structure and are similar to other reported 
imine polymer structures.[15,29,30] Moreover, the j proton peak 
shown in Figure  2c is consistent with the expected imine 
bond formation, is corroborated by the absence of a secondary 
amine peak at ≈4.3  ppm, and is similar to other reported 
imine polymer structures.[15,29,30] We attribute the unidentified 
peak that appears at ≈6  ppm to trace vinylic contaminants in 

Scheme 1.  a) Conventional condensation reaction of TPA and PDA precursors and our new two-step approach based on b) Condensation of PDA and 
hexanal to form imine precursor followed by subsequent c) Carbonyl-induced imine metathesis to form polyPMI.

Adv. Energy Mater. 2023, 13, 2203921
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the diglyme solvent and we also note the presence of water in 
Figure 2a prior to dehydration.

We also extend this approach from linear to branched poly-
mers. Figure  3 shows the 1H-NMR spectra for the polyPMI  
formation reaction depicted in Scheme 1c, where benzene-1,3,5-
trialdehyde (BTA) is substituted for one fourth (1:3 by stoichio-
metric ratio of BTA:TPA) of the TPA in the imine metathesis 
reaction. For Figure 3c, the broad l, m, n, and k proton peaks are 
analogous to those seen in Figure 2c, indicating the presence of 
residual hexanal after the 120 °C reaction step (expected due to 
its bp of 130 °C). The absence of water after this step is also 
consistent with the dehydration of the imine precursor during 
this elevated temperature synthesis. We note that the NMR 
tubes and PDA, TPA, and BTA shown in Figures 2a, and 3a,b 
respectively, were not dried (unlike the other spectra) and there-
fore contain residual water signals. The spectra also indicate 
the presence of residual aldehyde species through the appear-
ance of convoluted a, b, c, and d proton peaks. Figure  3c also 

shows the formation of new broad r and q aromatic peaks as 
well as the formation of a new broad p imine peak that appears 
at ≈8 ppm, in a similar location to the j imine proton peak seen 
in Figure  2c. When considered in totality, these spectra indi-
cate the formation of branched, dehydrated, macromolecular 
polyPMI species that still retain some aldehyde species and 
hexyl-terminated moieties. These results indicate that the imine 
metathesis reaction is likely reversible to some extent at 120 °C 
or has not fully completed, which is in accordance with what 
would be expected for a partially completed step-growth polym-
erization that is conducted at a temperature slightly below the 
boiling point of hexanal (130 °C).

To understand the electrochemical behavior of this polyPMI 
material, cured polymer films (with no added conductive carbon 
or silicon nanoparticles, optical images shown in Figure S1,  
Supporting Information) were assembled into coin cells 
with lithium metal counter electrodes (half-cell configura-
tion). Figure  4a shows the cyclic voltammetry (CV) data of a 

Figure 1.  a) Optical images of the conventional imine condensation reaction between PDA and TPA in diglyme at 120 °C (Scheme 1a) at 5 min inter-
vals. b) Optical images of our new imine metathesis reaction between imine precursor and TPA in diglyme at 120 °C (Scheme 1c) at 5 min intervals.  
c) UV–vis absorption spectra of the polyPMI formation as a function of time at ambient temperature for 60 min. d) DFT simulated NTOs resulting 
from electronic transitions between the HOMO ground state (blue and red colored orbitals) and the LUMO excited state (orange and cyan colored 
orbitals) of the tetramer. e) Predicted absorbance for four different oligomer lengths from analogous simulated excitations.
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representative polyPMI cell. The cell began with an open circuit 
voltage (OCV) of ≈2.6 V and was scanned at a rate of 10 mV s−1 
between 100 mV and 4.5 V. During the first CV scan, the data  
in Figure 4a show a broad reduction/lithiation peak down to 
100  mV, and a subsequent broad oxidation/delithiation peak 
up to ≈3.7  V. At voltages between 3.7 and 4.5  V, we note the 
sharp increase in current, which we attribute to the oxida-
tive decomposition of polyPMI above 3.7  V. CV scans were 
taken at a relatively fast rate of 10  mV  s−1 to minimize the 
time spent in this oxidative decomposition regime, to broadly 
probe the redox activity of the polyPMI, and to determine a 
suitable voltage stability window. After the first scan, the CV 
data are relatively consistent, with the emergence of a reduc-
tive peak at ≈2.5  V. Figure  4b shows voltage profiles for a 
representative cell when cycled between 10 mV and 3.0 V for  
60 cycles at a slower cycling rate of C/10 and a current den-
sity of 6.5  µA  cm−2 to fully probe the lithiation/delithiation 
of the polyPMI. The solid curves represent the lithiation pro-
file, the dashed curves represent the delithiation profile, and 
the specific capacity has been calculated using the mass of the 
polyPMI film. Each subsequent cycle has been offset by the 
reversible capacity of the previous cycle, thereby providing a 
metric to gauge the total amount of lithium held within the 
polyPMI. The polyPMI electrode initially exhibits incomplete 
delithiation but begins to cycle semi-reversibly at approxi-
mately cycle 40, where the electrode has cumulatively held 
≈400 mAh g−1 of charge.

Figure  4c plots the discharge (lithiation), charge (delithia-
tion), and Coulombic efficiency (CE) reversible cycling data 
for the same data presented in Figure 4b. We note that the CE 
begins to slowly plateau toward the end of cycling, and the cell 
reversibly cycles with ≈60 mAh g−1 specific capacity. Figure 4d 
shows the dQ/dV plots for the cell, where a broad reductive 
lithiation peak is seen approaching 10  mV and a broad oxida-
tive delithiation peak is seen from 10 mV to ≈1.5 V at a nominal 
C/10 rate. These results are aligned with the CV data presented 
in Figure 4a and further probe the full lithiation/delithiation of 
the polymer at a slower rate while remaining below the oxida-
tive decomposition regime. We attribute this slow lithiation and 
activation of the polyPMI to Li+ coordination at the imine bonds 
and at the benzene rings of the material. Other reports have 
used imine COFs to create organic batteries that exhibit similar 
behavior.[8] We posit that the gradual reaction of the polyPMI 
with Li+ leads to improved electronic and ionic conductivities 
that eventually facilitate stable reversible cycling. Moreover, 
related studies have demonstrated Li+ activation in polyani-
line-based composite electrodes[31] that is consistent with the 
reversible lithiation/delithiation electrochemistry observed with 
polyPMI.

The stable lithiation and delithiation data seen in Figure  4 
over a broad electrochemical potential range between 10  mV 
and 3.7  V, as well as the mechanically flexible nature of the 
hyperbranched polyPMI, suggests that this new, reversible, 
oxygen- and water-free polyPMI chemistry could be applied to 

Figure 2.  a) 1H NMR spectrum for PDA in CDCl3 solvent. b) 1H NMR spectrum for hexanal in CDCl3 solvent. c) 1H NMR spectrum for imine precursor 
in diglyme with CDCl3 solvent.

Adv. Energy Mater. 2023, 13, 2203921
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a range of different technologies such as all-organic batteries, 
transistors, polymer recycling,[28] OPVs, or LIB conversion elec-
trodes with large volumetric changes during lithiation and del-
ithiation. To demonstrate the utility of this approach, we apply 
polyPMI as a molecular coating on highly air-reactive silicon 
nanoparticles (Si NPs) for lithium-ion battery anodes. Our prior 
work has demonstrated that water will readily oxidize Si NPs 
produced from plasma-enhanced chemical vapor deposition 
(PECVD) to produce SiO2 nanoparticles, the latter of which are 
electrochemically inactive to lithiation/delithiation.[32] Addition-
ally, we have successfully modified the surface chemistry of 
PECVD Si NPs by reaction of surface silicon hydrides (*SiHx) 
with a variety of organic moieties including alkenes,[33] alco-
hols,[34,35] amines,[34] aldehydes,[35] amides,[32] and peroxides.[36] 
Using this radical-based Si NP surface modification chemistry 
as a starting point, we develop an analogous method to coat 
30 nm diameter Si NPs with TPA as shown in Scheme 2a. We 
additionally use the imine metathesis reaction with the trial-
dehyde precursor BTA discussed previously to grow branched 
polyPMI oligomers on Si NPs as shown in Scheme 2b. In both 
cases, these reactions grow from the Si NP surface and cover 

the Si NPs with conjugated polyamine polymers that we repre-
sent schematically in Scheme 2c).

An additional potential benefit of such a polyPMI-coated 
Si NP (Si@polyPMI) in a high Si-content battery anode is 
that the flexible, π-conjugated polymeric coating may exhibit 
mechanical resilience as well as electronic and ionic transport 
to and from the Si NP surface (Figure 5a). Optical images of 
the Si@polyPMI as well as the branched polyPMI with no Si 
NPs (Figure  5b) demonstrate that both mixtures are disper-
sions in diglyme suitable for processing into electrodes. The 1H 
NMR spectra shown in Figure 3 indicate the need for a higher 
temperature curing step that will complete the polymerization 
and that will remove the remaining alkyl and aldehyde con-
taining species to fully form a hyperbranched polyPMI mate-
rial. To achieve this aim and to fabricate effective Si NP-based 
anodes, we develop a method to create a printable electrode 
slurry wherein the Si NPs are coated with branched polyPMI 
oligomers and the resulting Si@polyPMI NPs are combined 
with conductive carbon in diglyme. This slurry is subsequently 
printed on a copper current collector, vacuum dried at 150 °C, 
transferred to a dry nitrogen tube furnace, and annealed at 

Figure 3.  a) 1H NMR spectrum for neat BTA in CDCl3 solvent. b) 1H NMR spectrum for neat TPA in CDCl3 solvent. c) 1H NMR spectrum for polyPMI 
synthesized at 120 °C for 120 min in diglyme, isolated, and redispersed in CDCl3 solvent.

Adv. Energy Mater. 2023, 13, 2203921
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Figure 4.  a) Cyclic voltammetry data for a representative polyPMI cell versus a lithium metal counter electrode. b) Voltage profiles for a representa-
tive polyPMI cell versus a lithium metal counter electrode for 60 cycles. c) Specific capacity and coulombic efficiency for a representative polyPMI 
cell versus a lithium metal counter electrode for 60 cycles. d) dQ/dV plots of a representative polyPMI cell versus a lithium metal counter electrode 
for 60 cycles.

Scheme 2.  a) Interaction between a surface silicon hydride (Si–H) on PECVD-grown Si NPs and the dialdehyde TPA to form a silyl-ether moiety at 
the Si NP surface and leave a reactive phenylaldehyde group. b) Subsequent imine metathesis interaction with the anhydrous hexylamine precursor 
to form polyPMI oligomers. R groups represent any hexyl-terminated moieties, additional polyPMI repeat units, or other molecularly coated Si NPs.  
c) One representative potential hyperbranched polyPMI oligomer structure prior to final electrode 350 °C curing step.

Adv. Energy Mater. 2023, 13, 2203921
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350 °C for 4 h. We find that this final curing step is necessary to 
remove any residual hexanal species or alkyl terminating spe-
cies, fully react the TPA and BTA precursors, and promote the 
complete polymerization of the polyPMI material as depicted 
in Figure 5c.

These annealed Si@polyPMI anodes are combined with 
a lithium metal counter electrode in a half-cell configura-
tion to study their electrochemical performance. The data 
presented in Figure 6a show the specific capacity of the first 
formation cycles, where the first lithiation (discharge) cycle 

yields a capacity greater than 1000 mAh  g−1 and subsequent 
formation cycles plateau at ≈600 mAh g−1. The data presented 
in Figure 4 are collected at a relatively low current density of 
6.5 µA cm−2 due to the slow kinetics of the bulk polyPMI film 
without any additional conductive additives. The data pre-
sented in Figure 6, however, are collected at a current density 
of ≈450 µA cm−2 to target a 1 C cycling rate. Therefore, we con-
clude that the capacity contribution of the polyPMI is minimal 
in comparison to the Si NP active material contribution when 
combined into a composite anode. Importantly, we highlight 
that the coulombic efficiency of the cells exceeds 90% after the 
first cycle and exceeds 99.5% after the 10th cycle, indicating a 
high degree of interfacial passivation for the high surface area 
30  nm diameter Si NPs. The data shown in Figure  6b show 
the reversible capacity for the half-cell Si@polyPMI anodes for 
250 cycles, where the capacity fade is minimal, and the cou-
lombic efficiency remains well above 99.5% for the duration of 
the test. Figure 6c shows the same cycling data scaled to areal 
loading with an additional calculated accumulated irreversible 
capacity (AIC) curve to represent the Li+ consumption of the 
half-cell after the formation cycles when an effectively unlim-
ited Li+ source is present, which is calculated by the cumula-
tive sum of the difference between lithiation and delithiation 
capacities over 250 cycles (analogous to the voltage profile 
offsets seen in Figure  4b). Figure  6d shows the differential 
capacity versus voltage (dQ/dV) plots for the cycling data, 
which exhibit the characteristic lithiation and delithiation 
peaks of similar Si NP systems described previously in our 
other work.[32,37]

These annealed Si@polyPMI anodes were also used to fab-
ricate full-cells with a LiFePO4 (LFP) cathode without a pre-
lithiation step by using a higher loading LFP cathode with 
excess Li+ inventory. LFP was chosen due to its relatively flat 

Figure 5.  a) An ideal Si NP coating will conduct Li-ions and electrons, 
block electrolyte side reactions at the NP surface, and accommodate Si 
volume change during lithiation and delithiation as a flexible coating; 
a set of material properties for which polyPMI is uniquely well-suited. 
b) Optical images of Si@polyPMI NPs as depicted in Scheme 2c (left) 
and hyperbranched polyPMI alone after reacting at 120 °C for 120 min as 
depicted in Scheme 1c (right). c) Final electrode curing at 350 °C com-
pletes the polyPMI polymerization and promotes the formation of larger 
polyPMI hyperbranched macromolecules.

Figure 6.  a) Mean Si@polyPMI NP anode half-cell specific capacity and coulombic efficiency for the first five cycles, including the first three formation 
cycles (C/20) for triplicate cells with grey error bars. b) Si@polyPMI NP anode half-cell specific capacity and coulombic efficiency for 250 cycles at a 
nominal rate of 1 C. Data are presented as the mean of triplicate cells with grey error bars representing one standard deviation. c) Si@polyPMI NP 
anode half-cell areal capacity and the calculated accumulated irreversible capacity (AIC). Data are presented as the mean of triplicate cells with grey 
error bars representing one standard deviation. d) dQ/dV plots of a representative Si@polyPMI NP half-cell for 250 cycles.

Adv. Energy Mater. 2023, 13, 2203921

 16146840, 2023, 13, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203921 by U
niversity O

f R
hode Island L

ib, W
iley O

nline L
ibrary on [23/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2203921  (8 of 12) © 2023 Alliance for Sustainable Energy, LLC and Pacific Northwest National Laboratory and The 
Authors. Advanced Energy Materials published by Wiley-VCH GmbH

voltage profile such that the performance of the Si@polyPMI 
anode could be assessed independent of cathode effects. The 
data presented in Figure  7a show the specific capacity of the 
first formation cycles and Figure  7b shows the subsequent 
reversible capacity of a representative full-cell for 500 cycles at 
a relatively fast rate of 1 C. It is clear that the reversible cycling 
capacity of the full-cell in Figure 7b is lower compared to that of 
the half-cell in Figure 6b. We attribute this difference to the sig-
nificant loss of Li+ inventory in the higher loading LFP cathode 
during the first cycle, which will reduce the effective electro-
chemical potential window in the cell and lead to incomplete 
lithiation and delithiation during cycling. Impressively, the 
coulombic efficiency increases above 99.9% within the first few 
cycles and eventually plateaus above 99.95% during subsequent 
cycles, indicating a high degree of interfacial passivation of the 
Si NPs by the polyPMI coating.

Detailed electrochemical characterization was conducted 
every 100 cycles using a hybrid pulse power characterization 
(HPPC) method to determine the area specific impedance (ASI) 
(Figure S2, Supporting Information), which is found to increase 
only very slightly; from ≈26 to 28 Ω cm−2 after 400 cycles. The 
cells were also cycled at a rate of C/3 every 100 cycles to evaluate 
the rate capability of the cells, where the slower C/3 cycling 
rate yields a slightly higher reversible capacity (Figure  7c). 
Figure  7d shows a representative dQ/dV plot for the cell. The 
electrochemical data in Figures 6 and 7 indicate a highly stable  
Si@polyPMI anode and demonstrate that this novel polyPMI 
chemistry can be effectively used to passivate Si NPs used in 
LIB conversion electrodes.

Interestingly, especially in the half-cell configuration, the 
first cycle of the cell yields a relatively high discharge capacity, 
however subsequent cycles yield significantly lower capacities. 

Moreover, the ultimate specific capacity values remain well 
below what can hypothetically be achieved with a high silicon 
content (60% by mass silicon yields a maximum specific 
capacity of 2100 mAh g−1) electrode. We also tested electrodes 
that were calendered after the first drying step and then sub-
sequently annealed in a tube furnace as depicted in Figure 8a. 
Figure 8b compares the reversible cycling performance of these 
calendered cells in comparison to the uncalendered cells from 
Figure  6b. Figure  8c shows an image of the calendered elec-
trodes with a relatively glossy and flat top surface. Interestingly, 
the calendered electrodes do not exhibit the expected increased 
cycling capacity due to improved conduction pathways, and 
instead show a gradual increase in reversible capacity over the 
course of 100 cycles. We attribute this result to the low porosity 
of the calendered electrodes, which will result in slow electrolyte 
wetting over time and the observed gradual increase in specific 
capacity over many cycles. Therefore, we hypothesize that the 
observed lower than expected reversible capacity is due to a loss 
of porosity from initial solid electrolyte interphase (SEI) forma-
tion, where some portion of the pores in the electrode are effec-
tively sealed off from electrolyte access that limits bulk ionic 
transport within the anode after the first cycle. We conclude 
that the limiting factor of these electrodes is porosity and not  
electrical conductivity, ionic conductivity, surface passivation, 
or interconnectedness of the polyPMI material. To probe this 
hypothesis, we fabricate a set of uncalendered silicon anodes 
using smaller 3.7  nm diameter silicon nanoparticles with no 
added conductive carbon in the slurry mixture, where all other 
experiments are conducted with the larger and therefore more 
porous 30 nm diameter particles. The data shown in Figure 8d 
demonstrate that these cells exhibit similar reversible capacities 
and comparably high coulombic efficiencies to electrodes with 

Figure 7.  a) Representative Si NP anode paired with an LFP cathode as a full cell with anode specific capacity and coulombic efficiency for the first C/20 
formation cycles. b) Representative Si NP anode paired with an LFP cathode as a full cell with anode specific capacity and coulombic efficiency for 500 
cycles at a nominal 1 C cycling rate with 4× cycles at a nominal C/3 cycling rate and HPPC pulses every 100 cycles (locations indicated with vertical grey 
lines). HPPC time constant results are shown in Figure S2, Supporting Information and data normalized to the cathode mass are presented in Figure S3,  
Supporting Information. c) Zoomed in plot showing the specific capacity change during the slower C/20 cycles near cycle 200 for a representative Si 
NP anode. d) dQ/dV plots for a representative Si NP full cell for 500 cycles.
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substantial amounts (10 wt%) conductive carbon (Figure  6b). 
These results conclusively establish that polyPMI is an effec-
tive electronic and ionic conductor that provides exceptional Si 
surface passivation.

To better understand why polyPMI provides such a robust 
Si coating, we also examine the annealed electrode material 
using transmission electron microscopy (TEM) as shown in 
Figure 9. The images show that the 30 nm diameter Si NPs are 
completely covered with a non-porous polymeric coating. Com-
bined with energy-dispersive X-ray spectroscopy (EDS) data and 
elemental mapping (Figures S4 and S5, Supporting Informa-
tion), these data suggest that polyPMI both isolates the Si NP 
surface from direct contact with electrolyte as well as mitigates 
Si electrical isolation during lithiation/delithiation as signifi-
cant volume expansion/contraction occurs.

Finally, we examine the macroscopic electrode morphology 
and chemical composition ex situ using scanning electron 
microscopy (Figure  10) and EDS mapping (Figures S6–S12, 
Supporting Information). Figure  10a and Figure S6, Sup-
porting Information, show that after calendaring and curing, 

the electrodes have low porosities and are relatively uniform 
and homogenous with small nanoscale surface features. Once 
the cells have undergone the formation cycles, the surface of 
the macroscopic electrodes are coated with larger SEI grains 
(Figure  10b). Surprisingly, after cycling for 200 cycles (electro-
chemical data, Figure S13, Supporting Information), this initial 
SEI morphology remains unchanged (SEM, Figure 10c), further 
corroborating the high electrochemical and mechanical stability 
achieved with this novel polyPMI material. Moreover, the elec-
trodes do not show any evidence of cracking, delamination, or 
other mechanical failure after cycling, thereby corroborating 
our hypothesis that the polyPMI provides a robust flexible 
coating that can accommodate many cycles of Si NP expan-
sion and contraction. The excellent mechanical stability of the 
polyPMI is also enhanced by its strong adhesion to the copper 
current collector surface after curing, as shown in Figure S1, 
Supporting Information. X-ray photoelectron spectroscopy 
(XPS) shown in Figure S14 and Table S1, Supporting Informa-
tion, indicate the formation of a significant amount of lithium 
fluoride as well as lithium-carbonate type species within the 

Figure 8.  a) Diagram depicting electrodes where the as cast electrode with polyPMI oligomers is calendered and then subsequently annealed in an 
inert atmosphere. b) Si NP anode half-cell specific capacity for 100 cycles at a nominal rate of 1 C for the baseline uncalendered (as cast) cells shown 
in Figure 5b compared to calendered cells. Data are presented as the mean of triplicate cells. c) Image of calendered electrode sheet. d) Si NP anode 
half-cell specific capacity and coulombic efficiency for 100 cycles at a nominal rate of 1 C for triplicate cells made using 3.7 nm Si@polyPMI NPs and 
no added conductive carbon. Data are presented as the mean of triplicate cells.

Figure 9.  TEM images of Si NPs coated with hyperbranched polyPMI after 350 °C curing.
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SEI, in line with previous reports of similar SEI species cor-
responding to stable electrode cycling.[38–42] Extended cycling 
results in more lithium carbonate and lithium alkyl carbonate 
deposition on top of the LiF-rich SEI, with LiF remaining a 
major SEI component after formation and extended cycling.

3. Conclusions

We have demonstrated a new, simple step-growth method for 
using alkylimine-based metathesis to make polyamines rel-
evant for a range of different technologies such as all-organic 
batteries, transistors, polymer recycling, OPVs, or LIB applica-
tions. We showed that this new imine metathesis reaction can 
be used to form both linear and branched π-conjugated poly-
phenylmethanimine (polyPMI) based polymers. As an example 
of this new method’s utility, we showed that hyperbranched 
polyPMI oligomers can be grown on silicon nanoparticles to 
create an ionically and electronically conductive coating that 
effectively passivates the silicon in a liquid electrolyte LIB.  
When used as oligomeric coatings on silicon nanoparticles, 
complete polymerization is achieved during an electrode curing 
step. By leveraging this chemistry, we fabricated highly stable  
silicon anodes in a full-cell LIB configuration against lithium iron 
phosphate cathodes achieving greater than 99.95% coulombic 
efficiency after the first 100 cycles. This new synthetic method 
is broadly applicable to a variety of air- and water-sensitive 
materials, which were previously incompatible with conjugated 
imines synthesized via conventional polycondensation.

4. Experimental Section
Conventional One-Step Polycondensation of Linear Polyamines: All 

reagents were purchased from Sigma Aldrich unless otherwise noted. 
All reactions and electrode fabrication steps were conducted in an 
inert argon atmosphere glovebox (H2O < 1.0  ppm and O2  < 1.0  ppm) 
unless otherwise noted. Phenylenediamine (PDA, 0.1  mmol, 10.8  mg), 
purified by drying in a vacuum desiccator for 24 h, was transferred to a 
glovebox under an argon atmosphere and dissolved in 1.5 mL anhydrous 
diglyme. Terephalaldehyde (TPA, 0.1  mmol, 13.4  mg) was dried in a 
vacuum desiccator for 24  h, transferred to a glovebox under an argon 
atmosphere and dissolved in 1.5 mL anhydrous diglyme. Both mixtures 
were combined and heated to 120 °C for 60 min resulting in an orange-
colored suspension.

Imine Precursor Solution Synthesis: Dried PDA (5.0  mmol, 541  mg) 
was dissolved in 8.3 mL anhydrous diglyme. Hexylaldehyde (10.0 mmol, 
1.2  mL) was injected into the solution and the mixture was heated 
to 100  °C for 60  min to complete the reaction and to dehydrate the 

solution (with continued sparging). This imine precursor solution 
(0.5  mmol  mL−1) was cooled to ambient temperature and transferred 
back into a glovebox.

Two-Step Imine Metathesis to form Linear Polyamines: Dried TPA 
(0.1 mmol, 13.4 mg) was dissolved in 2.8 mL of anhydrous diglyme and 
0.2 mL of the imine precursor was added to the solution. The mixture was 
heated to 120 °C for 60 min and a dark, red-colored solution was produced.

Two-Step Imine Metathesis to form Hyperbranched Polyamines: Dried 
benzene-1,3,5-tricarboxaldehyde (BTA, 0.03  mmol, 5  mg) and TPA 
(0.09  mmol, 12  mg) were dissolved in 2.8  mL of anhydrous diglyme 
and 0.24 mL of the imine precursor solution was added to the mixture. 
The mixture was heated to 120  °C for 60  min and a dark red-colored 
suspension was produced.

Absorbance Spectroscopy: All absorbance (UV–vis) measurements 
were conducted in an argon-filled glove box at ambient temperature 
using a sealed quartz cuvette and a fiber optic coupling to an external 
source and detection system through an F25 fiber-coupling flange 
mounted on the side of the glovebox. The light source was a Thorlabs 
M405FP1 fiber-coupled LED using a Thorlabs DC2200 LED driver as the 
power source. The UV–vis (l = 300–900 nm) and NIR (l = 900–2200 nm) 
spectra were collected simultaneously through a bifurcated fiber cable, 
which was oriented in direct transmission through the sample from the 
source. An Ocean Optics OceanFX UV–vis spectrometer and an Ocean 
Optics NIRQuest NIR spectrometer were used to record the UV–vis 
and NIR spectra, respectively. To ensure accurate measurements, the 
spectrometer photoresponse was calibrated against a 3000 K tungsten–
halogen blackbody source (Ocean Optics HL-2000-HP).

Density Functional Theory Calculations: Predicted absorbance spectra 
(oscillator strengths), electron orbitals, energy states, and natural 
transition orbitals (NTOs) were calculated using the Amsterdam density 
functional (ADF2019.303) software for linear polyPMI oligomers of 
several lengths.[43,44]

1H Nuclear Magnetic ResonanceSpectroscopy: All samples were tested 
in CDCl3 solvent at a 20  mg  mL−1 concentration. 1H NMR spectra 
were acquired at 25 °C on a Bruker Avance NeoNanobay 300  MHz 
spectrometer at 7.05 T using a room temperature broadband probe. 
Spectra were acquired with a spectral width of  14  ppm with a recycle 
delay of  1 s and  8 scans. All spectral processing was done in Bruker 
Topspin version 3.6.1. TPA, PDA, BTA, and hexylaldehyde were used as 
received without drying or further purification for initial spectra. NMR 
tubes were dried overnight in an oven at 100 °C prior to use, expect in 
the case of the TPA, PDA, and BTA where the NMR tubes were not dried 
because of the presence of water in these reagents prior to dehydration.

PolyPMI Electrode Fabrication: Dried BTA (20  mg) and TPA (48  mg) 
were dissolved in 2.0 mL anhydrous diglyme and 0.96 mL of the imine 
precursor was added to the solution. The solution was briefly vortex 
mixed and sonicated and was drop cast onto a copper foil current 
collector (total reaction time before drop-casting was ≈15  min). The 
electrodes were subsequently dried under vacuum at 150 °C for 4 h. The 
resulting bright red electrode layer was punched into 14  mm diameter 
punches that were subsequently cured at 500  °C in a nitrogen purged 
tube furnace for 4 h, producing a dark purple-colored electrode.

Anode Fabrication using 30 nm Silicon Nanoparticles: Dried TPA (2.1 g) 
was melted in a 20 mL scintillation vial at 125 °C and 300 mg of silicon 

Figure 10.  SEM image of pristine 30 nm Si@polyPMI electrodes with conductive carbon a) after calendaring and final 350 °C curing, b) after the initial 
formation cycles, and c) after 200 cycles in a half cell configuration.

Adv. Energy Mater. 2023, 13, 2203921
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nanoparticles (Si NPs) produced from plasma-enhanced chemical vapor 
deposition (PECVD) with hydrogen-termination and an approximate 
diameter of 30  nm (see our previous works[32–34,37] and supporting 
information for details) were added to the melted TPA. The mixture 
was stirred for 4 h at 125 °C and then cooled to ambient temperature. 
The resulting solid mixture of coated Si NPs and extra TPA was washed 
in 10  mL of anhydrous toluene and was centrifuged at 12  000× g for 
5 min. The toluene wash was separated by decanting, and the process 
was repeated two additional times (three times total) to complete 
the washing procedure. The resulting Si@TPA NPs were dried under 
vacuum for 1 h.

To make Si@polyPMI, 180  mg of the Si@TPA NPs were added 
to 1  mL of anhydrous diglyme and BTA (0.06  mmol, 10  mg), TPA 
(0.18  mmol, 24  mg), and 0.48  mL (0.24  mmol) of the imine precursor 
solution was added to the mixture. The mixture was heated at 125 °C for 
30 min, cooled to ambient temperature, followed by brief vortex mixing 
and sonication to ensure adequate dispersion.

To make final electrodes, 60 mg of Timcal C65 conductive carbon was 
added to the mixture to form a printable slurry (mass ratios: 60% Si, 20% 
polyPMI, 20% Timcal C65). Each slurry was then mixed for 90 s using a 
planetary mixer (Mazerustar KK-250S planetary mixer, setting 13) before 
being cast onto a Cu foil using a blade casting coater with a wet gap of 
250 µm and a casting speed of ≈1 cm s−1. The electrodes were subsequently 
cured under vacuum at 150  °C for 4  h. Next, the dried electrodes were 
punched into 14 and 15 mm diameter punches and were cured at 350 °C 
in a nitrogen purged tube furnace for 4 h. The final electrodes had mass 
loadings of 1.06 ± 0.16 mg cm−2 (total composite electrode mass).

Half Cell Fabrication: The electrodes were tested using 2032 coin cells 
in the half-cell configuration. Each electrode was tested multiple times, 
using 3 identical cells with 14 mm-diameter circular punches from each 
electrode. The half-cells were assembled in a glovebox with the 14 mm 
silicon electrodes as the positive electrode. The negative electrodes used 
were 9/16 inch diameter circular punches of Li metal foil (Alfa Aesar 
10  769, 0.75  mm thick, 99.9% metals basis) that were cleaned with a 
toothbrush before being pressed onto a 15  mm-diameter, 1  mm-thick 
stainless-steel spacer with a stainless-steel wave spring positioned on 
the opposite side. The electrodes were separated by a 19  mm circular 
punch of porous polypropylene separator (Celgard 2325). Each cell 
was injected with 20  µL of the Gen2F electrolyte (LiPF6 in ethylene-
carbonate/ethyl-methyl-carbonate in a 3:7 by mass ratio with 3 wt% 
of fluoroethylene carbonate added) onto each side of the separator 
(40  µL total) before the cells were sealed by a hydraulic crimper. Each 
cell was allowed to rest at open circuit potential for 4  h before being 
galvanostatically cycled between 0.01 and 1.5 V versus Li at C/20 forming 
cycles followed by cycling at 1 C.

Full Cell Fabrication: LiFePO4 (LFP) cathode full-cells were assembled 
in an analogous manner to the half-cells, with a few differences. 
Specifically, the 2032 coin cells were assembled with a 15 mm diameter 
silicon anode as the negative electrode on a 0.5 mm-thick stainless steel 
spacer. The anode was then covered with 40 µL of the Gen2F electrolyte 
and a 19  mm circular punch of porous separator. A 14  mm diameter 
circular punch of 1.8 mAh cm−2 LFP cathode was placed on top of the 
separator along with an additional 0.5 mm stainless steel spacer, a wave 
spring, and the positive electrode cover. The 1.15 mAh  cm−2 first cycle 
lithiation capacity of the silicon anodes in a half cell configuration with 
the 1.8 mAh  cm−2 LFP cathode gives an N:P ratio ≈0.64. The cell was 
finally sealed in a hydraulic crimper. Each cell was allowed to rest at open 
circuit potential for 4  h before being galvanostatically cycled between 
2.70 and 3.44 V at C/20 forming cycles followed by cycling at 1 C.

Calendered Silicon Anodes: After vacuum drying, the silicon anodes 
were removed from the glovebox atmosphere, calendered in a roll press 
in ambient atmosphere, and transferred back into the glovebox. The 
electrodes were then punched into 14  mm diameter circular punches 
and were subsequently cured and assembled into half-cells.

Anodes with 3.7  nm Silicon Nanoparticles and no Conductive Carbon: 
3.7 nm diameter Si@polyPMI was synthesized in an analogous manner 
to the 30 nm particles. The Si@polyPMI nanoparticles were processed 
into electrodes in the same manner as the 30  nm particles, except 

no Timcal C65 conductive carbon was added to the slurry mixture. 
The electrodes were subsequently dried under vacuum, cured, and 
assembled into half-cells.

Scanning Electron Microscopy (SEM): Cycled electrodes were 
disassembled from coin cells and rinsed with 675  µL of dimethyl 
carbonate (DMC) three times to remove any residual electrolyte and 
dried in an argon glove box before any further ex situ analysis. Electrode 
morphology was examined using an ex situ field-emission scanning 
electron microscope (Zeiss Sigma VP) equipped with energy dispersive 
X-ray spectroscopy (Oxford Instruments) (EDS) at 20 00 kV.

X-Ray Photoelectron Spectroscopy: 30 nm Si@polyPMI electrodes after 
calendaring and final curing were transferred from an argon glovebox 
to the XPS chamber using a vacuum-sealed transfer module (Thermo) 
with no air exposure. Ex situ X-ray photoelectron spectroscopy (XPS) 
(K-alpha, Thermo) was performed on the samples using an Al Kα X-ray 
source with a measured spot size of 400 µm and pass energy of 50 eV. 
Binding energies were corrected based on the hydrocarbon C1s peak at 
284.8 eV.

Transmission Electron Microscopy Characterization: The particle 
morphology and elemental distribution were analyzed using 
transmission electron microscopy by scraping material from 30  nm 
Si@polyPMI electrodes after calendaring and final curing. A 300 kV FEI 
Titan monochromated scanning TEM equipped with a probe aberration 
corrector was used to acquire the TEM images. Uncycled anodes were 
scraped with a razor blade, polished between glass slides, loaded on a 
TEM grid, and imaged under low dose conditions. The electron dose 
rate was ≈1 e Å−2  s−1 for low mag imaging and ≈100 e Å−2  s−1 for high 
resolution TEM imaging to prevent beam induced damage and artifact. 
Energy dispersive X-ray spectroscopy (EDS) elemental mapping was 
collected by scanning the same region with multiple times at a dwell time 
of 0.001–0.01  ms with the electron dose rate of ≈0.363–1.98 e  Å−2  s−1.  
The function of binning and the smooth in Aztec software (Oxford 
Instruments) were used to enhance the contrast of EDS data.

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