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Significance

 Doping is a foundational concept 
in solid-state semiconductors, 
enabling precise control over 
electron and hole transport. 
However, a comparable approach 
in liquid or gel-based electrolytes 
remains elusive, where both 
cations and anions typically move 
without discrimination. This work 
demonstrates a universal 
electrochemical doping method 
using electroactive additives to 
selectively control ionic species in 
such media, which is essential for 
the development of advanced 
energy conversion and storage 
systems.

Doping to control carrier (electron or hole) transport is foundational to modulate the 
properties of semiconductors, enabling the development of homojunctions and hetero-
junctions for integrated electronics. Unlike semiconductors with unipolar charge-carrier 
dominance, both cations and anions in electrolytes are mobile, which is undesirable for 
many applications. Here, we report a universal strategy to dope electrolytes such that the 
ion transport can be unipolar by incorporating electroactive polymers within hydrogels that 
interact discriminately with one type of ion via redox and binding mechanisms, leaving 
the counterions mobile. This transforms the system into an active, selective conductor that 
directs ion flow with high precision. We demonstrate the generality of this strategy using 
a wide range of electroactive polymers and ions. Particularly, we use emeraldine base and 
leucoemeraldine base, derived from polyaniline to create both n-type and p-type conductors 
with high ion selectivity. This electrolyte doping strategy has significant implications beyond 
the developed thermoelectrochemical devices with boosted performance, with potential 
applications in supercapacitors, batteries, and electrochemical sensors.

electrolyte doping | selective ion transport | hydrogel | ionic thermoelectric materials |  
low-grade heat harvesting

 In solid-state semiconductors, including light-emitting diodes, photovoltaics, thermoe-
lectrics, and photo- and electrocatalysts, doping is achieved by immobile dopant atoms 
that create mobile electrons or holes (1–3). Similar doping strategies, however, do not 
exist for liquid/gel-state electrolytes which rely on the motion of ions, because both cations 
and anions can drift or diffuse randomly under electrical fields and concentration gradients. 
The ability to control transport predominantly by one type of ion (selective ion transport) 
is highly desirable for many applications, for example, to improve the charge transfer ratio 
of batteries, supercapacitors, and thermoelectrochemical systems (4–6). In this work, we 
establish a strategy to enable such control by immobilizing counterions via electrochemical 
doping in gel-based electrolytes. We validate the effectiveness of this strategy using a wide 
range of electroactive additives (EAs) to create both n-type and p-type ionic conductors, 
with the demonstration of low-grade thermal energy conversion into electricity serving 
as proof of concept.

 Although certainly important for batteries, the need for n-type and p-type ionic con-
ductors is well illustrated through ionic thermoelectric cells (iTECs) analogous to inorganic 
thermoelectric generators (TEG), both of which have been explored for direct conversion 
of heat into electricity (7–9). Conventional TEGs fabricated from n-type and p-type 
semiconductors through heavy doping with phosphorus (P) or boron (B) (Fig. 1A) typi-
cally exhibit low Seebeck coefficients of ~100 μV K−1  (10–13) and are therefore connected 
electrically in series and thermally in parallel to boost the voltage output. In contrast, 
iTECs can achieve thermopower (S﻿i ) reaching millivolts per Kelvin (mV K−1 ) through a 
combination of the thermogalvanic and thermodiffusion effects (14–16). The thermogal-
vanic contribution (S﻿tg ) arising from the entropy difference of redox couples and the 
thermodiffusive contribution (S﻿td ) originating from differences in mobility and Eastman 
entropy of transfer between cations and anions (15, 17, 18). The contributions from 
cations and anions to S﻿td  cancel each other since they diffuse in the same direction while 
carrying opposite Eastman entropy of transfer. Although both n-type and p-type iTEC 
materials have been reported (17–34), existing materials lack systematic doping control, 
which makes it difficult to synchronize the signs of S﻿td  and S﻿tg .          

 Our strategy is to use EAs to adsorb and immobilize either cations or anions in the 
electrolyte via electrochemical reactions, leaving the counterions mobile. The charge donat-
ing/accepting moieties in the conducting segment are electrochemically activated, forming 
electroactive sites that adsorb and immobilize oppositely charged ions in the electrolyte, 
leaving the counterions to control the ionic transport in the electrolyte. Fig. 1B illustrates 
this concept using emeraldine base (EB) or leucoemeraldine base (LB), derived from 
emeraldine salt form of polyaniline (ES-PANi), as representative electroactive additives, 
chosen for its high electroactivity readiness in electrochemical doping into n-type (reduced D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 1

37
.1

32
.2

7.
23

7 
on

 F
eb

ru
ar

y 
11

, 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
13

7.
13

2.
27

.2
37

.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gchen2@mit.edu
mailto:elehgw@nus.edu.sg
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2532302123/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2532302123/-/DCSupplemental
https://orcid.org/0000-0003-2526-1744
https://orcid.org/0000-0003-2657-8639
https://orcid.org/0000-0002-3968-8530
https://orcid.org/0000-0003-1276-0165
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2532302123&domain=pdf&date_stamp=2026-2-9


2 of 8   https://doi.org/10.1073/pnas.2532302123� pnas.org

p

p
p

p

p
p

Oxidation of LBReduction of EB

T

T

A

B

C

G H F

D E

Fig. 1.   Electrolyte doping enabled by electrochemical behavior of EA. (A) Carrier transport control by element doping in semiconductors. (B) Ion-selective 
diffusion in iTEC engineered by EA for p-type and n-type systems by electrochemical doping, respectively. EQCM-D analyses with 0.8 mol L−1 KCl electrolyte for 
(C) n-type doping (reduction) of EB, and (D) p-type doping (oxidation) of LB (Corresponding insets are calculated binding energies of LB-Cl− and EB-K+). In situ 
FTIR spectra during various electrochemical doping states of (E) EB and (F) LB, respectively. XPS spectrum of (G) Cl 2p and (H) K 2p for EB and LB after doping.

state) and p-type (oxidized state), respectively. This situation is 
fundamentally different from the physical element doping in inor-
ganic semiconductors (Fig. 1A). For example, the P+  sites are pos-
itively charged because they donate free electrons to the conduction 
band, while the B−  sites are negatively charged because they trap 
electrons, creating mobile holes. The doping of EA in electrolyte 
highly depends on its electrochemical reaction along with charge 
transfer. In EB, the -C═N- groups could be negatively charged to 
-C─N−﻿- by n-type electrochemical reduction enabling the adsorp-
tion of cations (35), leaving anions as the mobile conducting 
species, i.e., an anionic conducting electrolyte. Conversely, in LB, 
the -NH- moieties could be positively charged to -NH+﻿- by p-type 
electrochemical oxidation (36), facilitating the adsorption of ani-
ons, leaving cations as the ionic conducting species, i.e., a cation 
conducting electrolyte. Below, we will demonstrate effectiveness 
and universality of this doping strategy for controlling ionic 

conduction type, which opens a pathway for the rational design 
of high-performance ionic materials for diverse applications. 

Results

Electrochemical Doping of EAs. The voltage of iTEC induced by 
ion diffusion under a temperature gradient is positively correlated 
with the concentration difference (∆C) between cations and 
anions from the hot side to the cold side (12). In a typical 
iTEC without ion transport control (Fig. 1B), both cations and 
anions diffuse indiscriminately following the same temperature 
gradient, leading to a limited ∆C. Different from selective ion 
diffusion achieved by the weak interactions between ions and 
polymer chains (5), the introduction of EA is an effective and 
precise strategy to achieve a high ΔC as well as ΔV by reversibly 
immobilizing one type of ions through electrochemical reactions.
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 As a proof of concept, EB and LB are prepared and modified from 
ES-PANi by chemical treatments (described in the Materials and 
Methods  section) as typical additives for n-type and p-type doping, 
respectively. X-ray diffraction (XRD) patterns and Fourier transform 
infrared spectroscopy (FTIR) spectra ascertain the successful prepa-
ration of EAs (SI Appendix, Figs. S1 and S2A). The N 1s  spectra fitted 
from X-ray photoelectron spectroscopy (XPS) indicate the formation 
of dominated -NH- (66.5%) and -C═N- (67.2%) moieties in LB 
and EB (SI Appendix, Fig. S2B), respectively (35). Similar to the mor-
phology of ES-PANi, both LB and EB show irregular particles of 
hundreds of nanometers (SI Appendix, Fig. S3 A–C), providing abun-
dant active sites for doping. Electrochemical quartz crystal micro-
balance with dissipation monitoring (EQCM-D) was employed to 
investigate the ion-selective adsorption behavior of EB and LB in 0.8 
mol L−1  KCl electrolyte (SI Appendix, Fig. S4 and Note S1) (37, 38). 
Fig. 1 C and D profile the time-dependent variations in normalized 
frequency (Δf﻿3 /3), dissipation (ΔD﻿3 ), and accumulated charge (ΔQ ). 
During the cathodic scan at negative potential range, the Δf﻿3 /3 value 
of EB decreases with the negative charge accumulation, which sug-
gests the cation (K+ ) adsorption in EB (39). In contrast, LB exhibits 
the opposite behavior. When adopting the anodic scan at positive 
potential range to the LB, Δf﻿3 /3 shifts downward along with the 
positive charge accumulation, indicating anion (Cl− ) adsorption in 
LB (39, 40). Meanwhile, the lower binding energies of EB-K+  
(−3.69 eV) and LB-Cl−  (−2.43 eV) compared to other clusters (i.e., 
AA-K+ /Cl−  and HEMA-K+ /Cl− ) further support the selective counter 
ion transport capability of EAs (Insets  of Fig. 1 C and D and 
SI Appendix, Fig. S5). These distinct ion-adsorption behaviors can be 
attributed to their electrochemical reactions between the functional 
groups and ions, as revealed by in-situ  FTIR measurements in Fig. 1 
E and F. For EB with its half-oxidation state, the -C═N- (1,160 cm−1 ) 
groups can be reduced to -C-N−﻿- (1,310 to 1,380 cm−1 ) and react 
with cations like K+  through n-type electrochemical reactions 
(Fig. 1E) (41). Notably, the obvious decrease of characteristic bands 
of quinonoid (Q) ring (1,611 cm−1  for C═C and 827 cm−1  for C-H) 
and increase of characteristic bands of benzenoid (B) ring (1,534 cm−1  
for C═C and 650 cm−1  for B ring) further explain a structural tran-
sition from Q to B during n-type doping (SI Appendix, Fig. S6A) (41, 
42). Conversely, owing to the high reduction state of LB, the -NH- 
(3,250 cm−1 ) group undergoes single-electron p-type reaction and is 
oxidized to -NH+﻿- (1,130 to 1,210 cm−1 ), attracting anions such as 
Cl−  (Fig. 1F) (35, 41). The increase of C-H (Q) at 860 cm−1  and 
decrease of B ring at 670 cm−1  suggests a structural evolution from 
B to Q during p-type doping (SI Appendix, Fig. S6B) (41). Besides, 
the normalized high-resolution X-ray photoelectron spectroscopy 
(XPS) Cl 2p  and K 2p  spectra of EB and LB after electrochemical 
process are employed to analyze the selective ion doping. Two typical 
peaks at 197.8 eV (Cl 2p 3/2) and 199.3 eV (Cl 2p 1/2) correspond 
to adsorbed Cl−  on the electrode surface (Fig. 1G) (42). The other 
two peaks in K 2p  spectrum at 292.8 eV and 295.1 eV can be attrib-
uted to K 2p 3/2 and K 2p 1/2 of the adsorbed K+  (Fig. 1H), respec-
tively (43). Notably, the additional peak at 201.8 eV in Cl 2p  spectra 
of doped LB and 292.3 eV in K 2p  spectra of doped EB can be 
assigned to the bonded species by organic functional groups (42, 44). 
The distinctly high intensities of Cl−  in doped LB and K+  in doped 
EB highlight the effectiveness of EAs in realizing selective ion trans-
port through electrochemical doping.  

Selective Ion Transport Tailored by Electrolyte Doping. To 
explore the ion diffusion behavior in electrolyte, the EA particles 
were mixed with 2-hydroxyethyl methacrylate (HEMA), acrylic 
acid (AA), and KCl solution, followed by gelation to form an 
inter-cross-linked hydrogel (labeled as PHA@x, where x denotes 
the type of EA) (SI Appendix, Fig. S3 D–F). The capability of 

EAs for dynamic ion control is systematically investigated using 
PHA@x hydrogels. Temperature-variable FTIR together with a 
two-dimensional correlation spectroscopy (2DCOS), based on 
the Noda’s rule, was employed to study the thermosensitivity 
and reaction sequences of functional groups in n-type PHA@
EB-KCl and p-type PHA@LB-KCl (45). The reaction sequence 
determined was -C═N- (~1,590 cm−1) → -NH- (~3,230 cm−1) 
→ -COO− (~1,637 cm−1) → -COOH (~1,706 cm−1) → -C═C- 
(~1,482 cm−1), which indicates that the ions preferentially interact 
with electroactive groups from EB/LB (-C═N- and -NH-) 
rather than those from PHA chains (-COO−, -COOH, -C═C-) 
(Fig.  2A and SI Appendix, Figs.  S7 and S8 and Tables  S1 and 
S2). Consistent with the simulated LUMO-HOMO energy levels 
(Insets in Fig. 3A and SI Appendix, Fig. S9), -C═N- functionalized 
EB tends to accept electrons, while LB including -NH- tends to 
donate electrons (36). To maintain charge neutrality, the -C─N−- 
groups reduced from -C═N- in EB can be doped/coordinated 
by K+, enabling Cl− dominated diffusion under a temperature 
gradient, i.e., an n-type electrolyte. Similarly, LB releases electrons 
along with the doping/coordination of Cl− through the oxidized 
-NH+- from -NH- functional groups, resulting in K+ dominated 
diffusion, i.e., a p-type electrolyte. The surface potential of PHA@
EB-KCl exhibits a negative shift (from 0 to −15 mV) under a ∆T 
of ~3 K, while a positive shift (from 0 to 24 mV) is observed for 
PHA@LB-KCl (Fig. 2B), highlighting effective regulation of ion 
transport in electrolyte from random to selective.

 The ion transport control behaviors of EAs in electrolytes were 
further verified by cyclic voltammetry (CV) tests. As shown in Fig. 2 
C and D, the CV curve of PHA-KCl exhibits an almost rectangular 
shape, indicating its typical electrical double-layer capacitive behav-
ior (46). However, the adsorption and desorption of K+  below the 
potential of zero charge (PZC) are greatly limited owing to the lack 
of free K+  in PHA@EB-KCl electrolyte (Fig. 2C). The slightly 
deformed adsorption/desorption process for Cl−  over PZC suggests 
ion diffusion is dominated by anions in the PHA@EB-KCl electro-
lyte, indicating n-type behavior. While for PHA@LB-KCl, the 
adsorption and desorption of Cl−  decrease due to the electrostatic 
interactions between Cl−  and LB (Fig. 2D). The well-maintained 
adsorption/desorption of K+  in PHA@LB-KCl confirms its cation 
dominated diffusion, consistent with p-type characteristics. XPS 
mapping of K 2p  and Cl 2p  further supports these findings. EB 
displays relatively higher K+  intensity than LB (Fig. 2E), implying 
effective immobilization of K+  by EB. While the intensity of Cl−  in 
LB is much higher than EB (Fig. 2F), confirming the immobiliza-
tion of Cl−  by LB. In SI Appendix, Fig. S10, we show the open-circuit 
voltage (V﻿oc ) developed across PHA@EB-KCl and PHA@LB-KCl 
electrolytes as a function of applied temperature difference (ΔT ). 
The slope fitted in Fig. 2G shows that the S﻿i  for PHA@EB-KCl 
reached −6.4 ± 0.2 mV K−1 , consistent with its n-type characteristics, 
while PHA@LB-KCl is p-type, with a S﻿i  value of 2.0 ± 0.1 mV K−1 .  

Electrolyte Doping–Boosted iTEC Performances. Thermodiffusion 
effect can be combined with thermogalvanic effect to boost the 
performance of iTECs (12), as shown in Fig. 3A, where KCl and 
K4[Fe(CN)6]/K3[Fe(CN)6] (FeCN4−/3−) or FeCl2/FeCl3 (Fe3+/2+) serve 
as the thermodiffusion and thermogalvanic species, respectively. The 
ability to dope electrolytes enables us to synergize the two effects. We 
demonstrate this ability using PC@G as electrodes together with 
hydrogel electrolytes. The PC@G electrode, composed of carbon 
microparticles, provides a large surface area for ion adsorption/
desorption and continuous pathways for charge transfer (SI Appendix, 
Fig. S11). Under a temperature gradient, PHA-KCl, PHA-Fe3+/2+, 
and PHA-FeCN4−/3− exhibit n-type thermodiffusion, n-type 
thermogalvanic, and p-type thermogalvanic behavior (Fig.  3B), D
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Fig. 2.   Dynamical ion and electron transport control by EA. (A) Schematic diagram of thermosensitive groups sequence for boosted ion selectivity, together with the 
possible electrochemical processes (the blue region represents the n-type reactions between EA and K+; the red region is the p-type reactions between EA and Cl−. 
Insets summarize the corresponding LUMO and HOMO level of EB, EB-K+, LB, LB-K+, and LB-Cl−, respectively). (B) Evolution of surface potential for PHA@EB-KCl and 
PHA@LB-KCl with a ΔT of ~3 K (The hot side controlled by the heat stage is located below the gel, and the platinum tip at the cold side is used as working electrode). 
Comparison of CV curves at 10 mV s−1 for (C) PHA-KCl and PHA@EB-KCl and (D) PHA-KCl and PHA@LB-KCl. XPS mapping images of K 2p and Cl 2p for (E) EB and (F) LB 
after electrochemical doping, respectively. (G) Thermopower of PHA@EB-KCl and PHA@LB-KCl hydrogels. Error bars are the SD of voltage recorded.

respectively. If one combines PHA-KCl with PHA-FeCN4−/3, i.e., 
the PHA-KCl-FeCN4−/3−, without doping control, the Voc increases 
to 12.6 mV as ΔT rises from 3 to 12 K but declines at higher ΔT 
(12 to 24 K) due to competing thermodiffusion and thermogalvanic 
contributions (Fig. 3 B and C). In contrast, doping with LB (PHA@
LB-KCl-FeCN4−/3) which immobilizes anions, results in a continuous 
increase in Voc to 87.4 mV as a function of ΔT. Meanwhile, the 
n-type Voc improves from −96 mV (PHA-KCl) to −237 mV (PHA-
KCl-Fe3+/2+) owing to the synergistic effect between thermodiffusion 
and thermogalvanic. By immobilizing cations with EB in PHA@EB-
KCl-Fe3+/2+, the Voc further increases to −335 mV, which is ~141% 
higher than PHA-KCl-Fe3+/2+. Mass tuning of LB (x = 0 to 1.2 mg) 
and EB (y = 0 to 0.8 mg) further optimizes the Si from 0.47 ± 0.1 mV 
K−1 to 3.7 ± 0.04 mV K−1 for p-type iTECs (SI Appendix, Figs. S12 
and S13) and from −10.1 ± 0.3 mV K−1 to −15.2 ± 0.6 mV K−1 
for n-type iTECs (SI Appendix, Figs.  S12 and S14), respectively. 
For simplicity, these optimized formulations are hereafter referred 
to as PHA@LB-KCl-FeCN4−/3− and PHA@EB-KCl-Fe3+/2+, unless 
otherwise stated.

﻿In-situ  Raman spectroscopy was conducted to monitor real-time 
insights into the changes in Fe3+/2+  and FeCN4−/3−  concentrations 
under a temperature gradient. For PHA@LB-KCl-FeCN4−/3− , the 
peak intensities of FeCN4−  decrease, while those of FeCN3−  increase 
with ∆T  from 0 K to 18 K at the hot side (Fig. 3D and SI Appendix, 
Fig. S15A). Meanwhile, the peak intensities of FeCN4−  increase and 
those of FeCN3−  decrease at the cold side. Notable shifts in peak 
intensities of FeCN4−  and FeCN3−  observed at different temperature 
ranges indicate effectively limited thermodiffusion of FeCN4−/3−  and 

dynamically facilitated redox behavior by the LB engineered hydro-
gel. However, the peak intensities of FeCN4−  and FeCN3−  in 
PHA-KCl-FeCN4−/3−  without LB remain almost unchanged 
(SI Appendix, Figs. S15B and S16A). Compared to the ratio changes 
observed by in situ ultraviolet-visible (UV-vis) spectroscopy 
(SI Appendix, Figs. S18–S21, Tables S3 and S4, and Note S2) in 
PHA-KCl-FeCN4−/3−  (SI Appendix, Fig. S22A), the LB-induced 
redox reactions in p-type PHA@LB-KCl-FeCN4−/3−  led to a 
decreased  C

Fe(CN)4-
6

/C
Fe(CN)3-

6

  ratio from 1.06 ± 0.02 to 0.90 ± 0.01 
at the hot side and an increased ratio from 1.09 ± 0.03 to 1.37 ± 
0.01 at the cold side, resulting in an extended ∆C  (Fig. 3F). Similar 
phenomenon also can be found in n-type PHA-KCl-Fe3+/2+  
(SI Appendix, Figs. S16B and S17A), the Raman peak intensity of 
Fe2+  gradually increases while that of Fe3+  decreases at the hot side 
in PHA@EB-KCl-Fe3+/2+ , and the peak intensity of Fe2+  gradually 
decreases as that of Fe3+  increases at the cold side (Fig. 3E and 
SI Appendix, Fig. S17B). This leads to a decrease in the  CFe3+ /CFe2+    
ratio from 1.04 ± 0.02 to 0.81 ± 0.01 and an increased ratio from 
0.87 ± 0.02 to 1.06 ± 0.01 can be formed at the hot side and cold 
side of PHA@EB-KCl-Fe3+/2+  (Fig. 3G). In comparison, PHA-KCl- 
Fe3+/2+  without EB shows insignificant changes in the  CFe3+ /CFe2+    
ratio in (SI Appendix, Fig. S22B). According to above analyses, elec-
trochemical doping via electrolyte engineering can not only extend 
the concentration gradients by selectively tuning ion diffusion but 
also accelerate the confined redox reactions by transferring external 
electrons, offering a promising strategy for enhancing power/elec-
tricity generation capabilities of iTECs.  D
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Fig. 3.   Role of electrolyte doping on boosting iTEC performances. (A) Schematic illustration of selective ion diffusion enhanced p-type TEC based on the synergistic 
effect between thermodiffusion and thermogalvanic behaviors. (B) Thermal charging curves of PHA-based iTECs with KCl, Fe3+/2+, and FeCN4−/3−, respectively. (C) 
Voltage evolution of as-prepared hydrogels with/without EA at various temperature differences from 3 K to 24 K. In situ Raman spectra recorded from the hot and 
cold sides at various temperature differences for (D) PHA@LB-KCl-FeCN4−/3−, and (E) PHA@EB-KCl-Fe3+/2+. Concentration ratio changes of (F) FeCN4−/FeCN3− and (G) 
Fe3+/Fe2+ on the hot and cold sides obtained from the absorbance change in in situ UV-vis spectra (Error bars represent the SD of three repeated measurements).

Scalable Construction of Flexible n-/p-Units Integrated Modules. 
Due to significantly modified redox reactions kinetics by doped 
EAs (SI Appendix, Fig. S23), the iTEC units with EAs possess high 
voltage retention of 96.5% (PHA@EB-KCl-Fe3+/2+) and 88.7% 
(PHA@LB-KCl-FeCN4−/3−) over 50 thermal charge/electrical 
discharge cycles (SI Appendix, Fig. S24), further demonstrating the 
repeatability and durability of EA-engineered iTECs for practical 
heat-to-electricity conversion. The maximum power density (Pmax) 
and normalized power density (Pmax/ΔT2) of 1.43 W m−2, 2.48 
mW m−2 K−2 and 0.46 W m−2, 0.80 mW m−2 K−2 can be achieved 
by respective PHA@EB-KCl-Fe3+/2+ and PHA@LB-KCl-FeCN4−/3− 
(SI Appendix, Fig. S25A), whereas iTECs without EAs exhibit much 
lower values: 0.49 W m−2, 0.85 mW m−2 K−2 for PHA-KCl-Fe3+/2+ 
and 0.01 W m−2, 0.02 mW m−2 K−2 for PHA-KCl-FeCN4−/3− 
(SI  Appendix, Fig.  S25B). Compared with previously reported 
n-/p-type iTECs (SI Appendix, Fig. S26 and Table S5) (12, 15, 21, 
23–25, 28, 33, 34, 47–49), the as-developed PHA@EB-KCl-Fe3+/2+ 
demonstrates a record-level competitiveness due to its superior 
absolute Voc (335 mV), absolute Si (15.2 mV K−1), and Pmax/ΔT2 
(2.48 mW m−2 K−2). Besides, the energy output and average power 
density (Pave) for 2 h at ΔT of 24 K of n-type PHA@EB-KCl-Fe3+/2+ 

and p-type PHA@LB-KCl-FeCN4−/3− iTECs are calculated as 
264.1 mJ, 0.92 W m−2 and 89.4 mJ, 0.31 W m−2, respectively 
(SI Appendix, Fig. S27). We also estimated thermal conductivities 
as 0.508 (PHA), 0. 582 (PHA@EB), and 0.627 W m−1 K−1 (PHA@
LB) (SI Appendix, Fig. S28 and Note S3), comparable to water value 
of 0.615 W m−1 K−1, and lower than typical thermoelectric materials 
such as ~1.5 W m−1 K−1 for Bi2Te3-alloys.

 Previous iTEC device demonstrations were constructed using 
single-type units (either n-type or p-type), connected electrically 
in series and thermally in parallel with metallic electrodes running 
between the hot and cold sides to boost the voltage output, due 
to the lack of readily available matching pairs. The availability of 
both n-type and p-type iTEC materials in this work enables the 
scalable construction of integrated modules (Fig. 4A) (detailed in 
the Methods section). In addition, EA-contained hydrogels 
become mechanically tougher while remaining soft and stretchable 
compared to the pristine PHA (SI Appendix, Fig. S29), facilitating 
stable and conformal contact with rough electrode surfaces and 
resulting in slight resistance change even after mechanical defor-
mation (SI Appendix, Fig. S30 and Note S4), which is beneficial 
for maintaining structural integrity for practical applications. 
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Fig. 4.   Construction and electricity generation of integrated devices. (A) Schematic illustration of the device components and the heat-to-electricity conversion 
process of integrated n-p units (n and p units are PHA@EB-KCl-Fe3+/2+ and PHA@LB-KCl-FeCN4−/3−). (B) Digital image of a scalable and flexible device containing  
ca. 5 × 103 units. (Scale bar, 10 cm.) (The Inset shows as-assembled device with 400 units connected in series. (Scale bar, 5 cm.) (C) Real-time voltage curves for eight 
pairs of n-p units (effective area: 3.4 cm−2) for harvesting small/large temperature difference (~3 K/~15 K) formed between body heat/hot plate and ambient. (D) 
Current density-voltage curves and corresponding power densities of n-p integrated device under various temperature differences. (E) Quasi-continuous open circuit 
voltage response and voltage retention versus time curves for 15 cycles (condition: thermal charge for 600 s, short circuit for 100 s, temperature difference: ~15 K). 
(F) Comparison of the power and voltage for recently reported iTEC modules (n represents the number of units, S (cm2) represents the area of iTECs).

Fig. 4B shows a large-scale module measuring 150 cm × 12 cm 
(length × width) containing approximately 5 × 103  n-/p-type units 
with Π-type series connection. Electrochemical impedance spec-
troscopy (EIS) analysis of modules comprising eight pairs of n-p 
units suggests that the integration strategy is scalable and does not 
introduce appreciable resistive losses at the gel/electrode interfaces 
(SI Appendix, Fig. S31). When using eight pairs of n-p units as a 
demonstration, a high V﻿oc  of ~2.5 V and a short-circuit current 
density of ~0.6 A m−2  can be achieved under a ΔT  of ~15 K 
(Fig. 4C), delivering a corresponding P﻿max  and P﻿ave  of 342.1 mW 
m−2  and 297 mW m−2  (Fig. 4D and SI Appendix, Fig. S32). Even 
at different bending states, the module exhibits negligible variation 
with increasing bending angle, and retains ~91% of its initial 
value after bending at 135° (SI Appendix, Fig. S33). Moreover, 
under a small ΔT  of ~3 K, generated between body heat and 
ambient conditions, the as-developed module achieved a V﻿oc  of 
~0.4 V and a P﻿max  of 13.6 mW m−2 , demonstrating its attractive 
capability of harvesting low-grade heat near room temperature. 
Despite minor short-term fluctuations, the module maintained 
a consistent V﻿oc  of 2.5 V and high voltage retention of ~90% after 
15 cycles of thermal charging and discharging (Fig. 4E). This 
underlines good electromechanical durability and reliability of 
the flexible iTEC module for practical operation. The P﻿max /ΔT﻿2  

value of 1.52 mW m−2  K−2  for the integrated module also outper-
forms previously reported iTEC modules (Fig. 4F and SI Appendix, 
Table S6) (12, 24, 25, 47, 48, 50–52).            

Generality of the Electrolyte Doping Strategy. To demonstrate the 
generality of the doping strategy, we have tested other electroactive 
polymers using 0.8 mol L−1 KCl electrolyte. Fig. 5A shows results 
of changing to different types of EA candidates, where n-type 
iTECs with negative Si were achieved using EB, polydopamine 
(PDA), and perylenetetracarboxylic dianhydride (PTCDA) by 
immobilizing cations (SI Appendix, Figs. S10A and S34), while 
p-type iTECs with positive Si were realized using LB, poly(3,4-
ethylenedioxythiophene) (PEDOT) and polypyrrole (PPy) by 
immobilizing anions (SI Appendix, Figs. S10B and S35).

 We also tested different types of ions (cation: Li+ , Na+ , K+ , NH4﻿+ , 
Zn2+ ; anion: Cl− , F− , NO3﻿− , SO4﻿2− ) using PHA@LB-m  and 
PHA@EB-m . Consistent with Hofmeister series (53), SO4﻿2−﻿-based 
salts significantly disrupted gel formation due to their strong 
salting-out effect compared to other hydrogels (SI Appendix, Figs. S36 
and S37 and Note S5). Upon introducing redox species, 
PHA@LB-m﻿-FeCN4−/3−  consistently exhibited p-type behavior with 
voltage output range from 40 mV to 119 mV (Fig. 5B), while 
PHA@EB-m﻿-Fe3+/2+  demonstrated n-type behavior with voltage D
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A

B C

Fig. 5.   Universality of the electrolyte doping strategy for ion control. (A) General demonstration of ion control in iTECs achieved by PHA-KCl-based hydrogels 
incorporating various p-type (LB, PPy, and PEDOT) and n-type (EB, PTCDA, and PDA) additives (Error bars are the SD of voltage recorded). Thermally induced 
voltage for (B) p-type PHA@LB-m-FeCN4−/3− and (C) n-type PHA@EB-m-Fe3+/2+ at a ΔT of ~15 K (m represents the electrolyte salt used, concentration: 0.8 mol L−1).

output range from −25 mV to −213 mV (Fig. 5C) across all dissolv-
able salts.   

Discussion

 In summary, we establish a general strategy to dope electrolytes by 
using electroactive conducting polymers to immobilize one type of 
ion: polymers with n-type reactions immobilize cations, leaving the 
electrolyte an anion conductor; and polymers with p-type reactions 
immobilize anions, leaving the electrolyte a cation conductor. We 
demonstrate this transformative capability by achieving n-type and 
p-type iTEC hydrogels using different electroactive additives and 
various salts. This ability enables us to optimize materials properties 
and achieve high thermopower in n-/p-type ionic hydrogels, by 
effectively regulating the thermodiffusion of ions (Cl− , K+ ) and the 
thermogalvanic process of redox couples (FeCN4−/3− , Fe3+/2+ ), trans-
forming their interaction from antagonistic to synergistic effect via 
electrochemical doping. Although demonstrated in the context of 
thermoelectrochemical energy conversion, we anticipate that the 
electrolyte doping strategy will have broader impacts in other areas 
such as batteries, supercapacitors, and electrochemical sensors.  

Materials and Methods

Materials. Aniline (AN, ≥99.5%), hydrazine monohydrate (N2H4·H2O, 64 to 65%), 
acrylic acid (AA, 99.0%), 2-hydroxyethyl methacrylate (HEMA, 97%), N,N,N’,N’-
tetramethyl-ethylenediamine (TEMED, 99.0%), iron (III) chloride hexahydrate 
(FeCl3·6H2O, ≥98.0%), potassium hexacyanoferrate (II) trihydrate (K4[Fe(CN)6]·3H2O, 
98.5 to 102.0%), pyrrolidine (Py, 99%), 3,4-ethylenedioxythiophene (EDOT, 97%), 
dopamine hydrochloride (≥98%), perylene-3,4,9,10-tetracarboxylic dianhydride 
(PTCDA, 97%) were purchased from Sigma-Aldrich. Ammonium persulfate (APS, 
98%) and iron (II) chloride tetrahydrate (FeCl2·4H2O, 98%) were provided by Alfa 
Aesar. Hydrochloric acid (HCl, 37%) was obtained from Honeywell. Ammonium 

hydroxide (NH3·H2O, 28 to 30%) was purchased from Thermo Scientific. Ethylene gly-
col dimethacrylate (EDGMA, >97.0%) was purchased from TCI. Potassium chloride 
(KCl, ≥99.0%) and potassium ferricyanide (III) (K3Fe(CN)6, 98.0%) were obtained 
from Fisher BioReagents and Acros Organics, respectively. Graphite paper (thick-
ness: ~0.2 mm) was purchased from Langfang Zhongying Asbestos Chemical Co., 
Ltd. Activated carbon (YP-80F, specific surface area: ~2,100 m2 g−1) was provided 
by Kuraray Co., Ltd. All the chemicals were used directly without any purification.

Synthesis of ES-PANi. ES-PANi was prepared by a typical oxidation polymerization 
route. 10 mmol (0.914 mL) of AN monomer was dispersed in 90 mL of 0.5 mol 
L−1 HCl aqueous solution with continuous stirring for 30 min in an ice bath (0 ~ 
5 °C). 10 mmol (2.28 g) of APS as oxidant/initiator was then dissolved into 10 mL 
of 0.5 mol L−1 HCl aqueous solution, and this APS solution was added dropwise 
into AN solution. After polymerizing for 24 h at ~3 °C, the precipitate was filtered 
and washed several times using deionized water and ethanol until the pH value of 
filtrate reached ~7. Finally, the dark green ES-PANi powder can be obtained after 
overnight drying at 60 °C in an oven.

Synthesis of EB Additive. EB was prepared by ES-PANi with NH3·H2O treatment. 
Typically, 100 mg of ES-PANi was dispersed in 5 mL of NH3·H2O aqueous solution 
(28 to 30 wt%) and vigorously stirred at room temperature for 24 h. After bringing 
the pH value to ~7 and drying, the dark blue EB powder can be obtained.

Synthesis of LB Additive. LB was prepared by ES-PANi with N2H4·H2O treatment. 
Typically, 100 mg of ES-PANi was dispersed in 5 mL of N2H4·H2O aqueous solution 
(~65 wt%) and stirred vigorously at 50 °C for 24 h. After bringing the pH value to 
~7 and drying, the light blue LB powder can be obtained.

Fabrication of Hydrogel-Based iTECs. Typically, the YP-80F and polyvinylidene-
fluoride binder in a mass ratio of 9:1 were well dispersed in N-methyl-2-pyrrolidone 
to form a homogeneous slurry, which was further painted on the graphite paper. 
As-prepared YP-80F coated graphite paper was cut into identical thin-rectangular 
shape with a dimension of 25 × 2 mm2, and both electrodes were fixed on a poly-
ethylene terephthalate (PET) substrate with a distance of 10 mm between the hot 
side and the cold side. The hydrogels (SI Appendix, Supplementary Methods) were 
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then carefully transferred to the related electrodes. Finally, the hydrogel-based iTEC 
was further encapsulated using polypropylene (PP) tape.

Construction of Flexible iTEC Modules. First, the cylindrical n-/p-type hydro-
gels (diameter: ~6 mm) were polymerized at ~50 °C using a tubular mold. 
After immersing in FeCN4−/3− and Fe3+/2+ containing electrolytes and cutting 
into segments with a height of ~3 mm, the corresponding n-/p-type units for 
module assembly can be obtained. To keep the structural stability of n-/p-units, 
as-formed iTEC arrays are fully encapsulated by polydimethylsiloxane (PDMS). 
It is worth mentioning that a polyurethane (PU, Hale&Hearty) tape is employed 
as flexible substrate for scalable carbon electrode coating and device packaging. 
After sandwiching the n-p unit array with carbon electrodes coated PU films, a 
flexible module with tailored n-p units can be fabricated.

Thermoelectrochemical Measurements. All of the open circuit voltage–time 
and current–voltage curves of hydrogel-based iTECs were measured using an 
electrochemical workstation (CHI 660E). Two commercial Peltier plates (length: 
40 mm, width: 40 mm) were used to generate temperature difference. As 
shown in SI  Appendix, Fig.  S38, two thermocouples were attached on the 
hot side and cold side of iTECs to monitor the temperature change directly. 
Moreover, the corresponding temperature differences and relative humidity were 
automatically controlled by dual-channel digital temperature control module  
(TCM-X207) and humidity generator (HumiSys, InstrQuest Inc.). In addition, 
the cold side and hot side were set as working electrode and counter/reference 

electrode during the thermoelectrochemical measurements. The cyclic stability 
of iTECs were conducted on a quasi-continuous working mode under a constant 
temperature difference with/without loading resistance. First, the iTECs were 
thermally charged in open-circuit without loading resistance and electrically 
discharged with loading a resistance (50 kΩ) for 20 s. Then, the iTECs were 
thermally recharged back to the relatively high open-circuit voltage in 20 s  
(without loading resistance). CV curves of iTECs were recorded by a three-elec-
trode setup, in which one PC@G electrode was used as the working electrode 
while the graphite paper served as the counter electrode, and the Ag/AgCl elec-
trode was employed as reference electrode. The potential ranges of CV tests 
were set as −1 to 1.2 V and −0.2 to 1.0 V for PHA@LB-KCl-FeCN4−/3− and PHA@
EB-KCl-Fe3+/2+ hydrogel-based iTECs, respectively. EIS analysis of module was 
tested in a frequency range of 100 mHz ~1 MHz with an amplitude of 5 mV.

Data, Materials, and Software Availability. Study data are included in the 
article and/or SI Appendix.
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