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Controlling Film Formation and Host-Guest Interactions to
Enhance the Thermoelectric Properties of
Nickel-Nitrogen-Based 2D Conjugated Coordination

Polymers

Hio-leng Un, Yang Lu, Jiaxuan Li, Renhao Dong, Xinliang Feng, and Henning Sirringhaus*

2D conjugated coordination polymers (cCPs) based on square-planar
transition metal-complexes (such as MO,, M(NH),, and MS,, M = metal) are
an emerging class of (semi)conducting materials that are of great interest for
applications in supercapacitors, catalysis, and thermoelectrics. Finding
synthetic approaches to high-performance nickel-nitrogen (Ni-N) based cCP
films is a long-standing challenge. Here, a general, dynamically controlled
on-surface synthesis that produces highly conductive Ni-N-based cCP films is
developed and the thermoelectric properties as a function of the molecular
structure and their dependence on interactions with ambient atmosphere are
studied. Among the four studied cCPs with different ligand sizes
hexaminobenzene- and hexaaminotriphenylene-based films exhibit record
electrical conductivity (100-200 S cm™) in this Ni-N based cCP family, which
is one order of magnitude higher than previous reports, and the highest
thermoelectric power factors up to 10 yW m~' K2 among reported 2D cCPs.
The transport physics of these films is studied and it is shown that depending
on the host-guest interaction with oxygen/water the majority carrier type and
the value of the Seebeck coefficient can be largely regulated. The high
conductivity is likely reflecting good interconnectivity between (small) ordered
domains and grain boundaries supporting disordered metallic transport.

1. Introduction

After their discovery in 1977 and the sub-
sequent nearly half-a-century development,
organic (semi)conducting polymers have
integrated into our daily life and brought
revolutionary changes to semiconductor
science and technology and modern dis-
play and electronics industry. Exploration of
new materials continues to be an engine of
progress in performance. One fundamen-
tal limitation of linear conjugated polymers
is that charge transport is limited by the
1D conjugation along the polymer back-
bone. 2D conjugated coordination polymers
(cCPs) potentially provide a route to much
faster charge transport due to the defect-
tolerant 2D lattice. According to the defini-
tion by International Union of Pure and Ap-
plied Chemistry,l!l 2D ¢CPs are character-
ized by their repeating coordination units
extending in two dimensions, and 2D con-
jugated metal-organic frameworks (cMOFs)

are a subset of 2D cCPs with organic
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ligands in the coordination framework containing voids. These
synthetic layered materials have been widely demonstrated to be
very promising for electrochemical and catalytic applications.[>#!
They have also been theoretically predicted to be promising, syn-
thetically tunable materials for thermoelectrics,!®1!] which has
been confirmed by recent experimental studies.[!214]

Thermoelectric performance is determined by a dimension-
less figure of merit ZT = 6 $* T/x. To achieve efficient thermoelec-
tric conversion, high electrical conductivity ¢ and Seebeck coefhi-
cient S, and simultaneously low thermal conductivity « are nec-
essary. These thermoelectric coefficients of 2D cCPs strongly de-
pend on the electronic coupling within the square planar coordi-
nation fragment (i.e., MX,, M = metal and X =0, NH, and S) and
the coupling between the coordination fragment and the organic
conjugated spacer.[>!!l Good frontier molecular orbital alignment
and strong orbital interaction favour enhanced orbital hybridiza-
tion and wavefunction delocalization, which enable large band-
width, small effective mass, and long relaxation time that en-
hance carrier mobility and thus thermoelectric properties.*11 —
OH, -NH,, and —SH are the most widely used functional groups
in constructing 2D c¢CPs. O-coordinated 2D c¢CPs usually have
relatively localized wavefunction and narrow bandwidth and ex-
hibit relatively poor charge transport properties (electrical con-
ductivities are usually only 108 — 0.1 S cm™! for pellets and
107* -1 S cm™! for films and crystals),>2! while S-coordinated
ones tend to show delocalized wavefunction and wide bandwidth,
and thus high conductivities of up to 1 000-2 500 S cm™! in
films.[2225] However, their Seebeck coefficients are very small (|S]
< 10 pV K1), typical for metals.[2225] N-coordinated 2D systems
seem to lie in between, showing moderate electrical conductiv-
ity of 10™* - 58.8 S cm™! for pellets and 1073 — 40 S cm™! for
films so far and, importantly, relatively larger Seebeck coefficient
(IS| = 10 — 400 pV K~1).[1213.2632] They could hence potentially be
more promising for thermoelectrics than their more conducting
S-coordinated cousins.

The electrical conductivity of Ni-N-based 2D cCP films
can be substantially enhanced through more advanced meth-
ods of film synthesis.?-%] One challenge for the synthesis
of this family is the limited ambient stability and solubil-
ity of multi-NH, aromatic compounds. Typically, free multi-
NH, aromatic compounds are very reactive against oxidiz-
ing agents such as oxygen. To prevent irreversible oxida-
tion of such starting materials, N-based ligands are typi-
cally available as hydrochlorides. As their hydrochlorides are
highly soluble in water and hardly soluble in orthogonal or-
ganic solvents, the efficient liquid-liquid interfacial synthesis
which has been widely used for S-coordinated cCPs is not
compatible.[?2236] In addition, the stronger coordination bond
of Ni-N than that of Ni-S tends to lead to more irreversible
bond formation, resulting in poorly crystalline or amorphous
products.?’l N-based 2D cCPs are therefore mostly synthesized
with hydrothermal methods in open systems, but this method
provide powders and thus only pellet samples are typically
available.[12:26.28]

Even though some of the N-based cCPs are computation-
ally predicted to have delocalized wavefunction and promising
thermoelectric properties,>~112638] the conductivities of films
achievable so far remain relatively low (< 40 S cm™!) and usu-
ally exhibit strong thermally activated behavior as a function
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of temperaturel?63234]; experimental evidence confirming effi-
cient charge delocalization is often lacking. Due to the lack of a
general method for controlled film fabrication, controlled stud-
ies of structure-property relationship have been hampered so
far.

Herein, we report record electrical conductivity (100-200 S
cm™!) with (near) metallic transport characteristics in thin films
for this Ni-N-coordinated 2D cCPs and the highest power factors
(10 uW m~! K=2) reported to date for 2D cCPs. High-performing
thin films were synthesized by a dynamically controlled method
through introducing coordination competition developed in this
work. The universality of this method is demonstrated with four
materials with different linker sizes and different carrier types
(holes and electrons). We further investigate the dependence of
their thin-film thermoelectric properties on host-guest interac-
tion with ambient adsorbates (O, and H, O) residing in the frame-
work and find that such host-guest interaction can substantially
modulate/enhance thermoelectric performance and power fac-
tors by 60 times. We apply a heterogeneous transport model to ex-
plain some of the salient features of the charge transport physics
of these systems.

2. Synthesis and Characterizations

To explore and develop the synthesis method for highly con-
ductive Ni-N-based cCP films, we used the hexaminobenzene
(HAB) linker as a model system. We investigated and optimized
the use of different precursors of Ni(II) ion, bases, their stoi-
chiometries, as well as solvents, in terms of their influences on
the form of the final product (thin films on the surface versus
powders in the solution). A full list of the reaction conditions,
which we have screened, can be found in Table S1 (Supporting
Information).

Reactions were setup under nitrogen atmosphere by adding a
certain amount of freshly dissolved aqueous solutions of base,
Ni(II) salt, and organic ligand into a small vial in sequence at
45 °C. The reaction systems were then removed from nitro-
gen to ambient air, where the non-airtight sealing of the vials
allowed slow air diffusion. After being left in air overnight at
45 °C thin films were formed at the air-liquid interface (see
Section 1, Supporting Information for details). Previous work
reported that the use of weak base such as NaOAc instead of
strong base (NH,OH) is helpful to significantly improve the crys-
tallinity and thereby electrical conduction of powders of N-based
cCPs through slowing down nucleation and growth rates and im-
proving reversibility.[?#] However, we found that using NaOAc ei-
ther only yields powders (Figure S1, Supporting Information) or
simultaneously generates inhomogeneous (rather than desired
smooth, homogeneous) films on the surface with a moderate
conductivity of 0.34—5.0 S cm™! (Figures S3—S5, Supporting In-
formation). We designed a competing coordination reaction to
slow down the reaction kinetics (Figure 1a) and we found that
the key synthetic steps to achieve high conductivities in thin films
are:

i. Using Ni(acac), as the metal ion source to slow down the re-
action through introducing coordination competition;

ii. Setting the reaction up under an N, atmosphere and
transferring the non-airtight-sealed system to air after-

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie O ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 |1 ARe.dl1jBu 1 {UO//:SANL) SUONIPUOD pue WS 1 8y} 88S *[7202/20/.2] uo AkeidiTauliuo (1M 'SO5AUd 21nonnsonliN 6vE IdIN A SZEZTEZ0Z BWIPe/Z00T OT/I0p/LI00" A8 1M AlIq Ul |UO//:SANY Wo.) pepeojumod ‘0 ‘G60YTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Coordination competition

;:g;lgié “,hli;NH

\
SO TPUE
NH3 Ni** + 2acac O, + HN H ',:l' NH N, N
HzNNH? +NH3H,0  NHgH,0 Ni or ‘O N OO or
RN N N

www.advmat.de

HN-NET
NH

N N
. P easians
o e _-Nji=NH T ey HN NH
NHz 4 i N M ) N s Ni-HATI-R
Ni-HAB =N Ni-HATP is =N (R =H or Me)
C L0 d
=" ° P§||et & 10'F %  Ni-HATP, this work
§ ., % @ Fim & Cu BHT, Zhu et al. 2015
@ 10°r  * 8 * Film (This work) ‘TE i Ni,BHT, Nishihara et al. 2022
b ° = Ja Ni,Cu, ,BHT, Nishihara ef al. 2022
210"t o * 1 3 Ni,PTC, Zhu et al. 2020
i % & % 100F o Niy(HATP),, Dinca et al. 2017
. . s v _3 100L 5 4 b. Cuy(HHTP),, Nandhakumar ef al. 2023
Ni-HATP Ni-HATI-H - S o 5 ©  Niy(HAB), Bao ef al. 2020
S &y 8 ° g
= <101k * 3 £ O Pellet
' g o ® ® Film
8 g 107
; ﬁ 102} ° o i a 0 Nig(HATI-R),, Dong et al. 2022
g s HAB HATP HATI-Me HATI-H

Figure 1. Synthesis, film microstructure and summary of thermoelectric performance of Ni-N-based 2D cCP films. a) Designed coordination-competing
reaction and the chemical structure of the cCPs synthesized in this work. b) SEM and optical images of the cCPs films. The inset of Ni-HATP is an
optical image taken under yellow light. c) Comparison of electrical conductivities of Ni-N-based cCPs with different ligands achieved in this work with
corresponding pellets and films reported in the literature. d) Comparison of power factors of our Ni-HATP films with those of other 2D cCPs reported in

the literature.

ward to allow slow air diffusion and to prevent rapid
(deprotonation-)oxidation of the linker;

iii. Using NH,OH as base, rather than NaOAc which possibly
introduces negative charges on the nanosheet with Na ion as
the counter ion intercalated.l**!

The oxidation is one of the key steps in the process (see Sec-
tion 1and Scheme S1, Supporting Information for details). When
the reaction was setup with an identical recipe but kept in the
glovebox, the solution remained clear without any product form-
ing even after 19 h whereas mixtures, that were set up in the
glovebox with airtight sealing and then transferred to ambient air,
became only slightly dark after 15 h. Once the vials were opened
in air, they turned dark rapidly, and powders formed in less than
2 h without films on the surface (Figure S8, Supporting Informa-
tion). The level of sealing against air ingress, i.e., the diffusion
rate of air into the solution, has a strong influence on the reac-
tion dynamics, the form of the products (i.e., powders vs films),
and their electrical performance (see Figure S9, Supporting In-
formation for details of the sealing).

Our optimized recipe allowed achieving a four-point-probe
(4pp) conductivity of 93 S cm™! in Ni-HAB films after anneal-
ing in N,. This is the highest conductivity reported to date for
Ni-HAB. It is worth noting that the electrical conductivities re-
ported here may be underestimated, since there are quite some
powder-contaminants underneath the films as well as occasional
micro-cracks (Figures S10—S12, Supporting Information).

The surface morphology of the produced Ni-HAB film is
smooth and a clear sheet structure can be found at the edge

Adv. Mater. 2024, 2312325 2312325 (3 of 11)

of the film (Figure 1b). Energy-dispersive X-ray spectroscopy
(EDX) characterization (Figure S13a, Supporting Information)
reveals the presence of the necessary elements C, N, and Ni,
but unexpected O is also present. Combined with the results
of elemental analysis in which lower percentage of Ni/linker
and higher percentage of C/N than expected is found, we rea-
sonably speculate that, some acac anions are trapped within
the films, in the forms of either Ni(acac), and/or interact-
ing with the central metal ion of the conducting network, as
well as byproducts such as hydroxides and oxides. The pres-
ence of byproducts was observed in a previous study in which
NH,OH was used.l*! Fourier transform infrared (FTIR) and Ra-
man spectroscopy were employed to probe the chemical moi-
eties present. In FTIR (Figure S13b, Supporting Information)
there are clear features in the region of 3 000—3 300 cm™,
1 300-1 700 cm™, and ~1050 cm™ attributed to N-H, C = N
and/or C = C (as well as C = O for acac), and C-N vibrations,
respectively. In Raman spectra (Figure S13c, Supporting Infor-
mation) peaks ~425 cm™, 600 cm™, and 1 100-1 700 cm™ at-
tributed to metal-N, C-N, and aromatic ring sp? C vibration are
found.[*2%] These spectroscopic results show that the films have
the expected chemical bonds, suggesting the successful forma-
tion of the coordination network. Usually the amino N-H group
is expected to show two bands ascribed to antisymmetric and
symmetric stretching vibrations, whereas the imino N-H ex-
hibited only one N-H stretching vibration band.[*>*}] The ab-
sence of a second band at ~3 390-3 400 cm™ in our spectrum
indicates that there is negligible amount of amino group and the
imino group coordinates to the Ni center.*>*3] Both the FTIR
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Figure 2. Influence of ambient adsorbates on conductivity and thermoelectric properties of Ni-N-coordinated 2D cCPs. a) Electrical conductivities as a
function of air exposure time. b) Transport coefficient extracted with s = 1 from the Kang-Snyder model versus electrical conductivity. The data points
of as-synthesized Ni-HAB and annealed Ni-HATI-H are not included since they probably involve two-band transport which cannot be described by the
Kang-Snyder model that was built based on a single band. c—e), Electrical conductivities, Seebeck coefficients and power factors of the four cCPs right
after synthesis, after storage in N, overnight, and after annealing at 125 °C for 90 min respectively. In the as-synthesized films, oxygen and water are
adsorbed, while storing in N, overnight and annealing are effectively degassing the films.

and Raman spectra are essentially the same as for the previ-
ously reported crystalline structure.[***] However, all films pro-
duced by our method are poorly crystalline (Figure S14, Sup-
porting Information): In X-ray diffraction (XRD) only a broad
diffraction peak with very low intensity centred at 20 ~ 30°
is observed. In grazing-incidence wide-angle X-ray scattering
(GIWAXS) only a low-intensity arc in the out of plane direction,
attributed to face-on z—x stacking are observed, indicating a poor
long-range order due to extremely small particle sizes (i.e., Scher-
rer broadening).?**] This can also be envisioned as layered
networks that are randomly shifted in-plane with respect to the
adjacent layers.[*]

To prove the applicability of this synthesis approach to a wide
range of Ni-N-based 2D cCPs, three more linkers with different
size — hexaaminotriphenylene (HATP), hexaiminotriindole with
and without methylation (HATI-Me and HATI-H) — were also em-
ployed (Figure 1a). All thin films present very smooth and ho-
mogeneous surface morphology while the two HATI-based cCPs
show less compact film structure, with pinholes seen (Figure 1b).
The highest conductivities of these synthesized films achieved
are 2.0 X 10? S cm™ for Ni-HATP, 10 S cm™ for Ni-HATI-H, and
9.0 X 1072 S cm™! for Ni-HATI-Me. These results are higher than
those previously reported for each of the four cCPs (Figure 1c). In
Figure 1d we compare the thermoelectric power factors of our Ni-
HATP films to that of other 2D c¢CPs reported in the literature (for
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details see below). We also measured the thermal conductivity of
our highest-performing Ni-HATP films to be 0.37 W m™' K™ at
room temperature, from which we can estimate a ZT value of
8.1 x 1073, which to the best of our knowledge is the highest ther-
moelectric performance in both p- and n-type 2D cCPs reported
to date.

3. Host-Guest Interaction-Modulated
Thermoelectrics

We investigated the dependence of the electrical conductivity
on exposing the films to air. For Ni-HATI-Me the conductiv-
ity rapidly increased about twice in the first 5 min and then
slowly decreased after 9 h, while for the other three cCPs elec-
trical conductivities were reduced to 30 — 85% once (< 5 min)
exposed to ambient air (Figure 2a). We note that in all samples
there are two main regimes: an initial response regime lasting
for fewer than 10 min for Ni-HAB, Ni-HATP, and Ni-HATI-H
and ~3 h for Ni-HATI-Me, in which the conductivity changes
rapidly, and a second regime, in which the conductivity changes
more slowly (Figure 2a). We attribute the immediate response
to (physical and/or chemical) adsorption of oxygen and/or mois-
ture in air and the slow dynamic to (electro)chemical degradation
of the materials.[*6~*¥ In the process of (electro)chemical degra-
dation, oxygen with or without water usually captures electron

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 8|qeoljdde ayy Aq peusenob afe saolie O ‘8sn JO Sa|Nn 10} ARIq1T8UIUO A8]IA UO (SUONIPUOD-PUe-SULBYWI0D A8 |1 ARe.dl1jBu 1 {UO//:SANL) SUONIPUOD pue WS 1 8y} 88S *[7202/20/.2] uo AkeidiTauliuo (1M 'SO5AUd 21nonnsonliN 6vE IdIN A SZEZTEZ0Z BWIPe/Z00T OT/I0p/LI00" A8 1M AlIq Ul |UO//:SANY Wo.) pepeojumod ‘0 ‘G60YTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

b bd bd
- .-
g sg et
° °
S ST
,',0‘0‘0‘0‘0,
,.a‘a’ ’J‘J.,
T T T 29 @ e, " | o’
0.04o 40.0 2909 . e
Sy, 2999,
-0.21 41-0.1 ’ ’
& B3 03 DRSS
— 0.4 1-0.2
> L o
L T
W -0.61 ° o 4-03 —
4
1 8 e, 4
0.8 1-04 Py e J“\xd
- - S g
“o%e L
-1.04 @ HAB 105 ey 4.;...,
o HATP 4 ’ I sg g
s 2 %
124 | ) ) 06 J.‘,...‘,af;\‘.“a‘,o o%s
@ & el N N N o
‘;‘-\s\\“ Q.[“ of\\“‘(‘ i SLE R § ‘i -
e 0‘.4 - @ -@”
,‘)‘.‘J ,lk‘ J;‘,a
Ay S
M M

www.advmat.de
Cc ? ? d 2 :
gy 29997 g e
5.9 9
e S g% 0% e’ ‘e :ea
29 4 - ¥ ) Aoy, , leo%
o 0,8 3,909 Jo‘a;‘c.’o‘aa‘o,
j o g .2
,.o;‘o..,a‘o., pwe : A ¢ : P
M Fd .
NP S ,.,,0’ b .0 o
)‘0,‘-, ,o‘o‘a ,“J‘ . > ‘0‘4
Ps o) s 11,‘: 99,
> N M 35
¢ 2 SoidEe PP e
f%ﬂnwgw" Ma
f, g . ;
sghge ,‘.S’J 1999° sggs
‘a‘:., 190 0% o 2q 9%
TR R Tt
- 2y
B TWEEE SN P SWEES S &
Pgdga8 49,959, P9%atet Sae g
% 9 2P, PO A S
R L s gratede piydad,
o ¥ M 3
s * ? A . ° S,

‘o @ 9, ,': o iy 0.‘4 ° ;‘\: -
19950, Mgy 2995 gy
g, A L S22,

3 3 3 4

- ) s
“M:: P M:J:‘F%;‘JJ ‘m})m e ,u}%’:”

Figure 3. DFT calculations of the adsorption and binding of O, in Ni-HAB and Ni-HATP. a) Summary of free energy changes (left axis, red) and charge
transfers (right axis, blue) after interacting with O, where pristine structure is defined as 0 as reference. b—d) Molecular conformations of pristine Ni-
HAB, O, interacting with the open metal site of Ni-HAB and O, interacting through a hydrogen bond with the organic linker of Ni-HAB, respectively.
e—g) Corresponding molecular conformations for pristine Ni-HATP, O, interacting with the open metal site of Ni-HATP and O, interacting through a
hydrogen bond with the organic linker of Ni-HATP. Both side views and top views are shown.

carriers from the materials and forms hydroxide (HO™) and
water may potentially damage the square-planar coordination
units through interacting with coordination-unsaturated metal
sites. Consistently, electrical measurements under environmen-
tal control (Figure 2c) reveal that for as-synthesized Ni-HAB, Ni-
HATP, and Ni-HATI-H films, annealing or storing in N, atmo-
sphere is helpful to enhance the electrical conductivities by 77%,
18%, and 180%, respectively, probably through degassing of the
adsorbed molecules and not through improvement of the mi-
crostructure since their morphologies before and after anneal-
ing are identical (Figures S15 and S16, Supporting Information).
The mechanism for the experimentally observed, degassing-
induced enhanced electrical conduction upon annealing or stor-
ing in N, (Figure S18, Supporting Information) is consistent
with the general scientific understanding of gas adsorption in
MOFsl*8-51 and with the electronic structure model discussed
below. Further discussion can be found in Section 3 (Supporting
Information). For Ni-HATI-Me, on the other hand, both treat-
ments (annealing or storing in N2) are harmful. These results
are consistent with the transport properties observed upon air
exposure.

We also measured the Seebeck coefficient under the same en-
vironmental control. Only in Ni-HATP and Ni-HATI-Me the See-
beck coefficients exhibit a consistent sign, independent of treat-
ment, negative for Ni-HATP and positive for Ni-HATI-Me. In
comparison, after degassing, the Seebeck coefficient of Ni-HAB
switches sign from positive with very small value to negative
and Ni-HATI-H switches from negative to positive (Figure 2d). A
sign change of Seebeck coefficient (i.e., switch of majority carrier
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type) due to the environment/interaction with adsorbed species
has also been observed in other 2D ¢MOFs.[?”52] The oriented
d-orbitals of the metal can act as electron acceptors, while po-
lar heteroatoms and hydrogen atoms of the ligands provide weak
bonding sites with surrounding molecules. These non-covalent,
host-guest interactions with adsorbates are likely to be generally
present in 2D cCPs.

To better understand the impact of host-guest interaction with
0, and H,0 on electronic properties, density functional theory
(DFT) calculations were performed. Since the thermoelectric re-
sponse of the cCPs films upon host-guest interaction falls into
two groups — either leading to a sign change of the Seebeck
coefficient or not, we selected Ni-HAB and Ni-HATP as model
compounds for these two groups. We consider bonding mech-
anisms between oxygen/water molecules and the linking units
through formation of hydrogen bonds and with the metal centres
through coordination interactions. We find that interactions with
O, (Figure 3) are stronger than with H, O (Figure S19, Supporting
Information), as seen by the more negative free energy changes.
Our results can be mainly divided into two categories: Metal-
center bonding is associated with negative free energy change
(AE < 0) and a pronounced structural relaxation (Figure 3c,f;
Figure S19¢,f, Supporting Information) while bonding with the
linker does not lead to as strong structural relaxation (Figure 3g;
Figure S19d,g, Supporting Information) except for the Ni-HAB-
O, complex (Figure 3d). This suggests that the host-guest interac-
tion is more favorable to be linker-centered than open metal site-
centered from a kinetic perspective since there is no need to over-
come the energy barrier for structural relaxation. The negative
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free energy change upon interacting with either H,O or O, indi-
cates that both the formation of an O, and H,0 complex is ther-
modynamically favorable in Ni-HAB and Ni-HATP (Figure 3a;
Figure S19a and Tables S2,S3, Supporting Information), with
a larger free energy change predicted for the O, complex with
the linker. Because this stabilization energy of the structural dis-
tortion coupled with charge localization is large, for example,
AE = -1.1 eV for Ni-HAB-O, linker complex (Figure 3a,d), such
a complex is therefore likely to be stably present, when expos-
ing films to air or O,. The linker is likely to act as the most ac-
tive site dominating the interaction with O, while the metal ion
modulates the electronic density of the host material. Similar re-
sults were also observed in previous theoretical and experimental
studies.>3=5%]

In Ni-HAB the negative sign of Seebeck coefficient of the an-
nealed films indicates that charge transport is electron-dominant;
this is potentially consistent with theoretical band structure cal-
culations that predicted the Fermi level to lie around a steep, dis-
persive electron pocket and a comparatively flat hole band.[>®! In-
teraction with H,O has very little change in the charge density
of Ni-HAB (0-0.085). After the formation of the complex with
O,, however, significant charge transfer from Ni-HAB to O, (i.e.,
oxidation) is induced, —0.372 for O,-Ni interaction and —0.514
for O,-linker interaction (Figure 3a; Figure S19a and Table S4,
Supporting Information), leading to light p-type doping with the
Fermi level shifting down in energy toward the hole band. Since
the energy against wave vector of the hole-dominant band is pre-
dicted to be rather flat resulting in small group velocity and com-
paratively large effective mass,>® this simple two-band frame-
work can explain both the sign change (from negative to positive)
of the Seebeck coefficient, and the reduced conductivity observed
in Ni-HAB after O, absorption. The small magnitude of the See-
beck coefficient in the as-fabricated Ni-HAB films, which have
had some O, exposure during film processing, is therefore likely
to reflect a competition between contributions from the electron
and the hole bands. The Seebeck coefficients of hole and elec-
tron have opposite signs and therefore tend to cancel each other,
under conditions where both bands contribute to the conduc-
tion. It is possible that other factors contribute as well, such as
changes in the electronic structure owing to the contribution of
the orbitals of oxygen or the formation of trap sites or scattering
centres associated with the bound O, molecules in the frame-
work. The less favorable host-guest interaction of O, with Ni-
HATP than with Ni-HAB (in both free energy change and charge
transfer aspects, shown in Figure 3a; Table S4, Supporting Infor-
mation) is potentially consistent with the more robust and sta-
ble n-type transport and the higher thermoelectric performance
of Ni-HATP than Ni-HAB. Band structure calculations have also
been reported for Ni-HATI-H and Ni-HATI-Me,['25] and they
show that also in these two systems the Fermi level is close to
an electron and a hole bands. This makes it likely that the sign
change in the Seebeck coefficient of Ni-HATI-H upon annealing
from n- to p-type also arises due to a competition between the two
bands.

To better understand the transport processes in these cCPs,
we analyse our thermoelectric data within the Kang-Snyder
model,[*® which is based on the Boltzmann transport formal-
ism and has been found to be a helpful model for interpreting
the transport coefficients in organic conducting polymers. In this

Adv. Mater. 2024, 2312325 2312325 (6 of 11)

www.advmat.de

model the energy dependent conductivity or transport function
o (E, T) is expressed as:

oy (E T) = 0 (E<E) (1)
¢ (B T) = UEO(T)X<Z?>,(EZE,)

The transport function describes the contribution that elec-
tron states with energy E would make to the total conductivity
at temperature T, if they were close to Fermi level E,. E, is the en-
ergy of the transport edge, s is a power-law energy dependence,
and kj is the Boltzmann constant. The temperature-dependent
pre-factor of the transport function o (T) is called the transport
coefficientl®®39]; it is material-specific and captures the relevant
(hopping) transport physics, including the effects of energetic
disorder, electron-phonon coupling, interactions between carri-
ers, and effective mass.[®% The transport coefficient allows com-
parison between different thermoelectric materials; the larger o,
the larger the electrical conductivities at a given Ej position (or
reduced chemical potential 7). #, on the other hand, determines
the Seebeck coefficient, therefore a large o, tends to favor high
thermoelectric power factors. o, can be extracted by using the
measured electrical conductivity and the reduced chemical po-
tential # = (Ez — E,)/ky T which can be evaluated from the mea-
sured Seebeck coefficient (see Section 5, Supporting Information
for details). In this analysis we exclude the data points / condi-
tions in Figure 2d in which the Seebeck coefficient is very small,
i.e., the as-synthesized films of Ni-HAB and the annealed films of
Ni-HATI-H, because their small Seebeck coefficient most likely
arises from a two-band, electron-hole competition (as argued
above). We also assume s = 1, which has been found for conduct-
ing polymers, such as PEDOT. A validation of this assumption
would require producing films with a wider range of conductivi-
ties. This would require efficient methods of doping, which have
not been developed for these 2D cCPs yet. The plot of transport
coefficient against electrical conductivity shows a clear materials
dependence; while film treatment modulates electrical properties
of different cCPs, somewhat, there are large differences in o 5, be-
tween the four materials. Ni-HATP exhibits the highest value of
65 on the order of 10 S cm™! (Figure 2b), while Ni-HATI-H and
Ni-HATI-Me exhibit two orders of magnitude smaller o 5. This is
potentially consistent with the band structure calculations in the
literature,!'%%7! which show that in Ni-HATI-H and Ni-HATI-Me
both the electron and the hole bands near E; have a relative flat
dispersion and large effective masses, while in Ni-HAB and Ni-
HATP the electron band has a stronger dispersion and smaller
effective mass. This is the likely reason for the higher values of

O go-

4. Transport Mechanism

As the best performing thermoelectric system Ni-HATP was used
as a model system to explore the transport physics in more de-
tail. Temperature dependent measurements of the conductivity
and the Seebeck coefficient were performed under high vacuum,
after annealing the films until the electrical conductivity did not
change over time. Typically, charge transport is categorized into
two limiting regimes — metallic, delocalized transport and local-
ized, hopping transport. The former, usually observed in wide
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Figure 4. Temperature-dependent thermoelectric transport analysis in layered cCP Ni-HATP. a) Electrical conductivity and Seebeck coefficient as a
function of temperature. b) Plot of the electrical conductivity and Seebeck coefficient versus inverse temperature, showing inconsistence with nearest-
neighbour hopping, mobility edge, and polaron hopping models. c) Zabrodskii analysis of the measured temperature-dependent conductivity. d) Decom-
position of the measured electrical conductivity into contributions from disordered metallic and hopping transport pathways at the grain boundaries. €)
Schematic illustration of heterogeneous transport in poorly crystalline 2D cCPs.

band systems with weak electron-phonon coupling and low dis-
order, is characterized by the conductivity increasing with de-
creasing temperature, while in the latter, commonly found in
narrow bandwidth systems with strong disorder and electron-
phonon coupling, the conductivity reduces strongly with decreas-
ing temperature. Models capable of capturing both localized and
delocalized transport have also been developed for an intermedi-
ate regime between these two limiting cases.[3#5%¢] [n Ni-HATP
we observe a decrease of conductivity with decreasing tempera-
ture (Figure 4a), which is a clear manifestation of some disor-
der limiting transport at low temperatures. However, the tem-
perature dependence is relatively weak, between room temper-
ature and 100 K the conductivity only reduces by little more
than 30%. The Seebeck coefficient was also found to decrease
with decreasing temperature. We attempted to fit the observed
temperature dependence of the conductivity and the Seebeck co-
efficient to widely used models including variable range hop-
ping (VRH), nearest-neighbour hopping (NNH), mobility edge
(ME), and polaron hopping (PH). The VRH model describes the
electrical conductivity as ¢ « exp(=T,/T)"/"*% and Seebeck co-
efficient S o« TV/**1) with d = 3, 2, and 1 for 3D, 2D, and
1D transport. The Efros-Shklovskii (E-S) hopping model, which
takes into account Coulomb interactions between carriers, pre-
dicts 6 « exp(—T,/T)"/? and a temperature independent See-
beck coefficient.l’!] Our measured S can plausibly be fitted to
either T2 and T'/3, but both loge—-T"/* and loge-Tt"'/% plots
apparently deviate from the expected linear dependence (Figure
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S23, Supporting Information). Other hopping-dominating trans-
port models NNH, ME, and PH, with ¢ « exp(-E,/k;T) and
S « E,[kyT, predict logo—T' and S-T! plots are linear and
have a same slopel®%%); however our data largely deviate from
both linear mathematical expressions (Figure 4b). Zabrodskii
dlogo
dlo:T ’
was also employed and we find a4 < 0 over a large tempera-
ture range of interest (Figure 4c), which can be interpreted as
a signature of presence of metallic states. Combined with the
very small activation energy of 7.0 meV at near room tempera-
ture, the extrapolated non-zero electrical conductivity at the zero-
temperature limit (i.e., o # 0 as T — 0), and the quite linear tem-
perature dependence of Seebeck coefficient, these experimental
observations suggest that electronic conduction in Ni-HATP in-
volves both metallic and localized states. Through introducing an
energy dependent term o exp(-Wy [k T) (instead of an energy-
independent prefactor o, in the Kang-Snyder model), the semi-
localized transport (SLoT) is in principle capable for capturing
both localized, hopping and delocalized, metallic transport in
the intermediate regime.’®>°] Starting with an extracted value
of 12 for the reduced Fermi level |E — E,| /(kyT) according to
the measured Seebeck coefficient of ~—20 uV K~! at room tem-
perature, we find however our experimental data deviates signif-
icantly from what this model predicts (Figure S24, Supporting
Information).

The behavior observed in our 2D cCPs is reminiscent of that
observed in many conducting polymers and is probably best

analysis,**] given by logW ~ log(aT;) — alogT with W =
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understood in terms of a heterogeneous transport model.[6>¢¢]

This assumes that metallic conduction is supported in small or-
dered, crystalline regions that are separated by disordered grain
boundaries. The conductivity of such a heterogeneous system
can be modeled by considering a network of resistors, with con-
tributions from crystalline domains and grain boundaries taken
in series and several pathways that contribute to the conduction
through the grain boundaries in parallel. In this model the tem-
perature dependence of electrical conductivity is written as:

_ T
1) = (g.000) e (- )

-1

T, \’ .
+ 1800 &P | — +<gd6d+gdaTz> ()

The first term represents the metallic transport in the crys-
talline domains, where T, is a characteristic temperature that
reflects the energy of phonons that backscatter carriers. The sec-
ond term reflects variable-range hopping conduction through the
grain boundaries with characteristic hopping temperature T, and
dimension-dependent exponent y. The third term reflects disor-
dered metallic transport through the grain boundaries and in-

cludes an approximately constant conductivity term and a T3-
dependent term that reflects electron-electron interactions. g; are
geometry factor that considers how much a certain transport
pathway contributes to the total conduction, and o, are con-
ductivity pre-factors. We find that no matter what value we take
for T,,, the metallic term is always near zero from the fit, which
means that the transport is strongly grain boundary limited. This
suggests that the ordered, crystalline domains are small, which is
consistent with the absence of a clear crystalline diffraction signa-
ture in XRD. The extracted contributions to the grain boundary-
limited conductivity from 2D hopping transport and from dis-
ordered metallic transport are shown as a function of tempera-
ture in Figure 4d and Figure S25 (Supporting Information). This
analysis shows that disordered metallic conduction is the dom-
inant conduction pathway through the grain boundaries at low
temperature (100 K), while the hopping transport pathway begins
to make contributions to the conductivity toward room temper-
ature. This suggests that the high conductivity observed in Ni-
HATP is primarily a result of a good film continuity and good
interconnectivity between small, ordered domains. The grain
boundaries are not highly disordered, and support relatively effi-
cient disordered metallic transport as opposed to hopping trans-
port (Figure 4e).

5. Conclusion

By developing a dynamically controlled, generally applicable
on-surface synthesis approach through introducing coordina-
tion competition, we synthesized a range of high-performing
2D cCP films with different carrier types and linker sizes and
achieved record electrical conductivity (100-200 S cm™?) in the
family of Ni-N-based 2D c¢CPs and the highest power factor
(10 uW m! K?2) among reported 2D cCPs. Our charge trans-
port analysis is consistent with recent band structure calcula-
tions, which show that the Fermi level lies in between an electron
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and a hole band in these materials. Depending on film process-
ing and host-guest interactions with atmospheric species, such
as O,, small shifts in the position of Fermi level within the elec-
tronic structure cause the films to either exhibit unipolar n-type
or p-type transport or move into a two-band regime where both
electrons and holes contribute to conduction and the Seebeck co-
efficient becomes very small. Controlling host-guest interactions
is therefore essential for optimising the thermoelectric proper-
ties. We also show evidence that the transport physics is governed
by the structural heterogeneity of the films and that the conduc-
tivity is limited by grain boundary transport. However, the grain
boundaries appear to have good interconnectivity and support ef-
ficient disordered metallic transport that enables reaching such
high conductivities. With some further optimization of film qual-
ity and more advanced methods of Fermi level tuning 2D Ni-N
based cCPs could become an attractive class of materials for ther-
moelectric as well as (bio)sensing applications. Coordination-
cross-linked organic polymers could also be a potentially useful
strategy for high-performing thermoelectric materials.[®’]

6. Experimental Section

Materials:  Nickel(ll) acetylacetonate (Ni(acac),) was recrystallized
prior to use. Ammonium hydroxide solution (28% NH; in H,0) with
99.99% trace metals basis, was purchased from Sigma-Aldrich. 1,2,3,4,5,6-
hexaaminobenzene trihydrochloride (HAB-3HCI) was purchased from
Toronto Research Chemicals, and 2,3,6,7,10,11-hexaaminotriphenylene
hexahydrochloride (HATP-6HCl) was purchased from BLDpharm. The
synthesis of 2,3,7,8,12,13-hexaiminotriindole hexahydrochloride (HATI-
H-6HCl) will be reported elsewhere,[®®] while methyl 2,3,7,8,12,13-
hexaiminotriindole hexahydrochloride (HATI-Me-6HCI) was synthesized
following literature procedures.!'?l Corning EAGLE XG glass substrates
and front side-polished bare Si wafers (flat: SEMI Std.) were purchased
from Corning Inc. and Active Business Company GmbH, respectively. Spe-
cially designed, commercially available silicon-based Linseis chips for ther-
mal conductivity measurements were ordered from Linseis Messgerite
GmbH.

Synthesis:  In a nitrogen-filled glovebox, Ni(acac), was dissolved in de-
gassed double-deionized water (DI water) at 60 °C, to prepare a solution
with a concentration of 2.5 mmol L=, while 2896 NH; in H,0 was diluted
by 25 times and organic ligand was dissolved in DI water at a concentra-
tion of 1.8 mmol L™" at room temperature. H,O (6 mL), 25-time diluted
NH; in H,O (25-100 equiv., depending on the reactions), aqueous so-
lution of Ni(acac), (0.72-2.16 mL, i.e., 2-6 equiv., depending on the re-
actions), and aqueous solution of organic ligand (0.5 mL, 1 equiv.) were
added into a small vial (volume 20 mL) in a sequence at ~30 °C. After
sealed with a non-air-tight cap, the reaction system was removed from the
glovebox to ambient air and kept at 45 °C overnight (12 — 15 h), notably,
minimising external, mechanical vibrations. Thin films formed on the sur-
face were transferred onto O, plasma-treated substrates in air. The films
were awaited to fully dry out before soaking them again in CHCl; for a cou-
ple of minutes. Finally, the films were checked under optical microscope.
The whole process of transfer and observation, meaning exposure to air
(under yellow light), was usually ~1-1.5 h.

Scanning Electron Microscopy (SEM):  The surface morphologies of the
films were imaged using a Zeiss LEO 1550 field-emission SEM with a work-
ing distance of 3.5-4 mm, an acceleration voltage of 3 kV, and an in-lens
detector. Samples were deposited on Si without thermal-growth oxide.

Raman Spectroscopy: Raman spectra were collected using a Horiba
T64000 Raman spectrometer under a laser excitation of 633 nm in ambient
air at room temperature. Samples were prepared on either 1cm x 1cm Si
wafers without thermal-growth oxide or Corning EAGLE XG glass. Before
acquisition, the spectrometer was calibrated with the characterized band
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(520.70 cm™") of a standard Si sample. During acquisition, an integration
time of no less than 30's, 7 cycles, and a laser power that did not lead to
visible beam damage were used.

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR spectra were mea-
sured with a Bruker Vertex 70 V with a wide-band DLaTGS detector in trans-
mission geometry under rough vacuum. 32 scans, 5 mm slit, and 2.5 kHz
mirror scan rate (expressed in units of the sampling frequency of the
interferogram) were employed during measurement. The samples were
prepared on double-side-polished, highly resistive Si wafers.

X-Ray diffraction (XRD) and Grazing-Incidence Wide-Angle X-Ray Scatter-
ing (GIWAXS): Samples were prepared on 1cm X 1.cm Si wafer without
thermal-growth oxide. XRD was measured in a Bruker D8 Discover diffrac-
tometer in ambient air. Steps of 0.03 degree, integration time of 0.5 s,
and power of 1600 W were used during measurements. GIWAXS measure-
ments were performed at Diamond Light Source beamline 1-07 at 12.5 keV
X-ray beam energy. Images were collected using a Pilatus 2m camera po-
sitioned 450.5 mm from the sample. Sample-detector distance was cali-
brated using a silver behenate reference sample. All measurements were
performed at an incidence angle of 0.2 degree, with samples mounted on
a temperature-controlled stage inside a helium filled chamber with Kapton
windows. Data was processed using the MATLAB package GIXSGUI.[6°]

Device Fabrication: For room-temperature electrical conductivity and
Seebeck coefficient measurements, a four-parallel-electrode device archi-
tecture was used. Substrates (Corning EAGLE XG, thickness ~700 pm)
were cleaned by sequential sonication steps in acetone, 2% Decon 90 /
DI water, DI water, and isopropanol (10 minutes for each). Then washed
substrates were dried with nitrogen gas and exposed to oxygen plasma
at 300 W for 3-5 min. All electrical contacts, Cr/Au (4 nm/20 nm), were
deposited on freshly prepared, cleaned substrates by thermal evaporation
through shadow mask method. The synthetic films of coordination poly-
mers were transferred onto them.

Room-Temperature Electrical Conductivity and Seebeck Coefficient Mea-
surements: Measurements were performed on a manual probe station
using an Agilent 4155B Semiconductor Parameter Analyzer for electrical
conductivity measurement and using a Keithley Nanovoltmeter 2182A for
Seebeck coefficient measurement under nitrogen atmosphere (Belle Tech-
nology, < 5 ppm O, and < 10 ppm H,0). Each device was electrically
isolated before measurement by carefully scratching off the film outside
the active device area under an optical microscope. Film thickness was
measured by surface profilometry.

Temperature-Dependent Thermoelectric Measurements:  For
temperature-dependent thermoelectric measurements (electrical con-
ductivity, Seebeck coefficient, and thermal conductivity), the data was
collected with a Linseis Thin-Film Analyzer. Films were deposited onto
specially designed, commercially available silicon-based chips containing
two free standing, different-area Si;N, membranes (referred to as Linseis
chips). In this device the electrical conductivity was measured using the
four-point-probe Van der Pauw method. The Seebeck coefficient was
measured by using an on-chip heater and thermometer which are two
microfabricated electrical wires aligned with the longitudinal axes of the
membranes. The heater and thermometer were also used in thermal
conductivity measurements. For thermal conductivity measurements,
a high width/thickness ratio of the membranes on which films covered
ensures that the heat flux is predominantly horizontally and 1D across
the sample and in line with the plane of the membranes. Thus, the
measurements performed in this work probe the in-plane thermal con-
ductivity of the samples by using a 3w-based method.[’] By performing
measurements on the two different-area membranes integrated on the
same substrate, correction for radiative losses and subtraction of the
contribution from empty membranes to total heat conduction (from
membrane and sample) is allowed; accurate measurements are hence
enabled. Calculation of these thermoelectric parameters was carried out
on the raw data in the software of Linseis Thin-Film Analyzer according to
the method developed by Linseis et al.[”%]

DFT Calculation: DFT was performed using Gaussian 09 with the
B3LYP functional and 6-311g(d,p) basis set and the Grimme D3 disper-
sion correction.l”!l The conformations of the cCPs were optimized first,
and then the H,0 or O, molecule was added into the system. As an ex-
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ample, the information about how and where the H,0 or O, molecule was
added is shown in Figure S20 (Supporting Information).

Supporting Information

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