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Abstract
Proton conducting materials play an essential role in various fields of science and many applications, such as
polymer electrolyte fuel cells (PEFCs). However, their proton conductivities suffer from the strong dependence
on relative humidity (RH) and severely decrease at low RH conditions. Here, we synthesized zirconium (IV)-
hydroxy ethylidene diphosphonates (ZrHEDP), which have phosphonic acid groups at a close distance. As the
acidic groups are more concentrated in ZtHEDP, the proton conductivity exhibits lower dependence on the RH.

In particular, the ZTHEDP with the largest amount of phosphonic acid groups among the examined samples



showed the lowest RH dependence; the proton conductivity at 40% RH remained 2/3 of the conductivity at 95%

RH, whereas a representative electrolyte, Nafion, at 40 % RH showed 1/5-1/20 of its conductivity at 95% RH.

1. Introduction

Proton conduction in materials is an essential phenomenon in various systems, such as polymer electrolyte fuel

cells (PEFCs), where the proton conductivity of the electrolyte plays a major role in determining the overall

performance of the PEFC system.!-* PEFC is an efficient electricity generator without CO; emission in operation,

mainly applied for the energy source of fuel cell vehicles (FCVs). Looking at the broad commercialization and

cost reduction of FCVs, the operation under high temperature is essential for catalyst materials to enhance

activity and eliminate poisoning by impurities in the fuel and for radiators and water management systems to

be simplified.* However, the proton conductivities severely diminish at low relative humidity (RH) conditions.*

3 At high temperatures, fast drying of the electrolyte results in decreased conductivity and a huge ohmic loss.

Hence, the severe dependence of proton conductivity on RH imposes the limitation of upper temperature

(approximately 80 °C) during the operation of PEFC. Many efforts have been made to overcome the reliance

on RH and have achieved some successes,> > but it remains the issue, especially at high temperatures.

This serious proton conductivity dependence on RH is explained by the inevitable characteristic of the

conventional proton conduction mechanisms: the vehicle mechanism and the structural diffusion.” '° In the

vehicle mechanism, a proton transfers as H3O" via molecular diffusion. Structural diffusion is typically regarded

to be the same as the well-known "the Grotthus mechanism." The structural diffusion involves necessary

coordination constructed by the following two procedures: "hopping," in which a proton hops from a proton



donor to an acceptor along a hydrogen bond (H-bond), and "reorientation," in which a H-bond is cleaved, and

the proton reorients to another proton acceptor.'!"'> The diffusion occurs through coordination originating from

reorientation in the second hydration shell, followed by successive hopping events involving the movement of

HsO," (the Zundel cation) and HyO4" (the Eigen cation), with several water molecules per proton.'?"!” The rate-

determining step is the reorientation!® '* The movement of water molecules is indispensable because a thermal

fluctuation of water breaks a H-bond to cause reorientation.'* ' Obviously, water movement is also essential

for the vehicle mechanism. Therefore, both mechanisms inevitably require water movements, and thus water

molecules (i.e., high RH condition) are crucial.

Meanwhile, the "packed-acid mechanism" has been recently proposed as a derivative of Grotthuss

mechanisms that occurs in materials consisting of concentrated acids.'>?° In the packed-acid mechanism, acid-

acid interactions weaken H-bonds and stimulate reorientation.?! Thus, the mechanism does not require water

molecule movements. In fact, the proton in the material comprising of packed-acids diffuses even when water

is frozen, whereas an ordinary proton conducting material cannot retain the proton diffusivity under the same

condition.' 2% It suggests that the packed-acid mechanism might not be strongly influenced by RH.

The ab initio calculation showed that the suitable acid group to induce the packed-acid mechanism is a

hydrocarbon-based phosphonic acid group rather than a sulfonic acid group, generally employed for electrolytes

in PEFCs due to its high dissociation constant of a proton.”* Based on the theoretical suggestion, the distance

between hydrocarbon-based phosphonic acid groups is preferably ~13A to induce the packed-acid mechanism.?

There have been many studies on polymers functionalized with dense-phosphonic acid groups.*** However,



polymers are generally flexible and swollen by water under humid conditions, making it challenging to maintain

a high-density acid structure.

On the other hand, inorganic materials with a rigid framework, such as zirconium phosphonates, possess high

stability toward swelling and keep the densified acidic circumstance. Moreover, zirconium phosphonates have

a 2D structure and can consist of acid groups at a certain distance, 4.5-5.5 A continuously along the layer (Fig.

1a).2%* There is no research to regulate phosphonic acid groups at such a close distance and examine the

humidity dependence of the electrolyte.

In this study, we synthesized zirconium (IV)-hydroxy ethylidene diphosphonates (ZrHEDPs) to investigate

whether the reliance of proton conductivity on RH can be overcome by making the close distance between

phosphonic acid groups. ZtHEDP has hydrocarbon-based phosphonic acid groups, -C(OH)CH3-POsH,, and the

average distance between the acid moiety was controlled by synthesis conditions. ZTHEDP is one of the best

electrolytes to demonstrate the objective due to its rigid structure and property of having acidic groups at a close

distance.

2. Experimental

2.1 Material preparation

The synthesis of ZrHEDP was carried out as follows. At first, nano-zirconia precursor powder (Zr-precursor)

was prepared by a method reported earlier by our group.*® One gram of the synthesized Zr-precursor powder

was dispersed in 25 ml of 1 M HNO; (Solution A). Next, the required amounts of 1-hydroxy-1,1-ethylidene

diphosphonic acid (HEDP, H,PO3;-C(OH)CH;3-PO3H») (Fig. 1b) (Strem Chemicals, 95%) were dissolved in



12.5¢g of distilled water, followed by heating at 50 °C for 30 minutes (Solution B). Next, both heated solutions
(Solution A and B) were mixed at 50 °C and kept stirring for 4 hours, then heated at 70 °C for 4.5 hours in a
sealed vessel. Finally, the obtained precipitate was dried at 90 °C, followed by washing with water until neutral
pH was attained. HEDP/Zr-precursor ratio (weight) was varied (0.65, 0.90, 1.10, and 1.30) to synthesize
ZrHEDPs functionalized with the different amounts of phosphonic acid group, i.e., the several average distances
between acid moieties. We labeled ZrHEDP samples by their mole ratio of phosphorous per zirconium (P/Zr).
The other synthesis conditions and P/Zr results are shown in Section I of Supplementary information for
reproducibility.

Figure 1 (¢), (d), and (e) show the schematic representation of the 2D structures of ZrHEDP with P/Zr =2, 3,
and 4, respectively, which we expected to synthesize by the above method. In the structure with P/Zr = 2, both
phosphonic acids in HEDP were introduced into the Zr-O-network layer and lost the ability to dissociate proton
(Fig. 1(c)). On the other hand, in the structure with P/Zr = 4, one phosphonic acid was fixed in Zr-O-network,
and the other phosphonic acid remained movable and titratable (-POsH.) (Fig. 1(e)). The ZrHEDP sample can
include both structures with P/Zr = 2 and 4. If there is no unreacted and remaining HEDP in the ZrHEDP
samples, the ratio of the structure with P/Zr = 4 is estimated as follows:

P/Zr = (P/Zr of Fig.1(c)) X (1 —x) + (P/Zr of Fig.1(e)) xx=2x(1—-x)+4xx (1)
x=(P/Zr—-2)/2 2)
where x is the ratio of the structure with P/Zr = 4. Then, the value of "(P/Zr — 2)/2 x 100 (%)" represents the

minimum ratio of -POs;H, per whole phosphonate site, while why the ratio is the "minimum" is because there is



a possibility of remaining ZrO,. Thus, P/Zr = 3.0 indicates that more than 50% of entire phosphonate sites are -
POsH: (Fig. 1(d)), i.e., one of every two phosphonate sites in the Zr-O-network is -POsH», and the other is

immobilized -POs-. Therefore, we expected that the higher P/Zr means a closer distance between -PO3;H,.

®
PO3H, .
| P : Immobilized -PO,-
HaC o~ ~OH PO3Ho: Movable -PO.H,
H,O4P
HEDP
L ]
(c)PlZr=2 (d)P/Zr=3 (e)PiZr=4
9-11 A 45~535A
E —_— . A——————
CHyCIOH) CHyC(OH)  CH, CIOH)
_ POH, P POHo P POsH, POzHz POsH;
0—~Psso o-Poo o-Psso aH2 !
o} p7 QP ! CHy C(OH)  CHy CIOH) - CHa C(OH)
Wi, . CH3 C(QH)  CHyC(OH)  CHy C(QH)  CH, C(OH) P P F'
oo wp-0 Boso —o P - —F5 %0 o8
0——-si 4 Uk-li ¢ §ospo /O/P\d'\q: e P\of\ //p 39 /o-”’\‘ag\ VARRNT AN RN
CH; C(OH)  CHy C(OH) c)-gé(am Yo o ol SN ) R y EORP/DK gO\P,O..gOHP/D’.
090~ -0 2= -0 O~ 0 00 — T ‘_h
O/PKO P/Pxo\ O/PE-O 'P POBHQP fP PO3H2 CH cltom} CH;y Cll[OH) CH (l;{om
2 Y 2 N CHyCOR\ !(OH} CHy C(OH) ! : I
P / ‘ /N / 3 CHj C(OH)
88sp0 005p-0 60sp O POJHQCH3F’:tOH} POJch“vC‘O”] PO3H2 POsHz POsH;
CHg(l.{OH) CH;%@HJ CH:(‘.(OH] O/F'\\C, n/Px0 O,FL_O C},p\h‘O
E / o1/ o)/ N\ R\
~p- 0; EO:P o é).O“F’/D,r E';O P’ ,.
| \
iC 0OH) CHy é{OH) CH; C(OH) CHs !(OH]
P

b . POsH. b

Figure 1 Schematic representation of various ZTHEDP st;uctures. a) model of Zr(PO3-R),, b) HEDP,

¢) Zr(PO3)C(OH)CH3, d) Zr(PO3-C(OH)CH3-PO3H2)(PO3-C(OH)CH3), e) Zr(PO3-C(OH)CH;3-POsHz):

2.2 Characterization

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was employed to measure the element
weights and ratios of the samples using ICPS-8100 (Shimadzu). The *'P solid-state magic angle spinning nuclear
magnetic resonance (MAS-NMR) spectra were measured with JEOL-JNM-ECA-600MHz (Frequency:

242.95MHz, relaxation delay: 5s, contact time: 2ms, scans: 1000). Fourier Transform Infrared Spectroscopy



(FT-IR) spectra were obtained with an FT-IR-6200 (Jasco Co., Ltd.) spectrophotometer. X-ray Diffraction

(XRD) analyses were carried out with RINT2000 (Rigaku Co., Ltd.) using a Cu Ka X-ray source at 40 kV and

40 mA. Differential scanning calorimetry (DSC) was analyzed with Perkin Elmer DSC-7 purchased from

PerkinElmer Japan Co., Ltd after incubation of samples at 100% RH for three days. Proton conductivity values

were measured using the two-probe alternative current impedance method with a Solartron 1260

Impedance/Gain Phase Analyzer in the frequency range of 1-32 MHz and at a signal amplitude of 100 mV.

3. Results

3.1 Characterizations of ZrHEDP structures

ICP—AES measurement was utilized to confirm that the P/Zr values of ZrHEDP samples were 1.8, 2.5, 2.8, and

3.0, synthesized in the condition that the HEDP/Zr-precursor ratio (weight) were 0.65, 0.90, 1.10, and 1.30,

respectively. We utilized these P/Zr values for labeling the samples.

The broad XRD peaks (Fig. 2(a)), observed in the two theta range 18-35°, indicated the amorphous nature of

the materials.’!

3P solid-state MAS NMR spectra of HEDP and the ZrHEDPs with different P/Zr ratios are shown in Fig.

2(b). In the ZrHEDP spectra, the main peak was observed at approximately 13 ppm and a shoulder peak near 3

ppm. The intensity of peaks at 3 ppm became stronger as the value of the P/Zr ratio increased.

FT-IR spectra of ZrHEDP samples are presented in Fig. S1 and are confirmed as the same as ZrHEDPs in

previous reports.* Figure 2(c) represents the FT-IR spectra of the synthesized ZrHEDPs around approximately

1060 cm™! due to PO; stretching (P—0).** As for the spectra of the ZrHEDP with higher P/Zr values, the P-O



shifted to higher wavenumbers. The wavenumbers of the P—O in the ZtHEDP with P/Zr = 1.8, 2.5, 2.8, and 3.0

were 1052, 1058, 1058, and 1061 cm™, respectively.

DSC analysis was performed on ZrHEDP samples (Fig. 2(d)). DSC results showed that the freezing point

decreased as the P/Zr ratio increased. The freezing points of the ZrHEDPs with P/Zr = 1.8, 2.5, 2.8, and 3.0

were —1.5, —1.8, 2.5, and -3.3 °C, respectively.

These results will be interpreted and discussed in Section 4.1.
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Figure 2 (a) XRD spectra (b) *'P solid-state MAS-NMR spectra (¢) FT-IR spectra focusing on the P-O

stretching peak position (d) DSC results and freezing point of adsorbed water in ZrHEDP



3.2 Proton conductivity and dependence on RH

Proton conductivities of the ZrHEDP powders were measured at various RH conditions (Fig. 3) as pellet samples

(diameter: 13 mm, thickness: ~0.1 mm), made by uniaxial pressing the respective powders. Figure 3 shows the

enhanced proton conductivity values and low dependence on RH in ZrHEDP with a high P/Zr ratio (see Fig. S2

for cole-cole plots). In particular, the proton conductivity of the ZrHEDP pellet with P/Zr = 3.0 at 95% RH only

decreased to 2/3 at 40% RH. On the other hand, Nafion at 40% RH exhibits 1/5-1/20 of the proton conductivity

compared to its value at 95% RH.**** Hence, the dependence on RH in the synthesized ZrtHEDP is low. The E,

of the ZtHEDP pellet with P/Zr = 3.0 was 15.3-35.4 kJ/mol at 95% RH and 90 °C (see Fig. S3). The origin of

these conductivities will be discussed in Section 4.2.
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Figure 3 Proton conductivity data of the ZrHEDP with different P/Zr ratios at 90 °C.



4. Discussion

4.1 The structure of the ZrHEDP samples

XRD results indicated all of the ZrHEDP samples are in amorphous states. On the other hand, the centre carbon

bound to two phosphorous in HEDP has a sp?® hybrid orbital, twisting the whole HEDP structure. It eventually disturbs

keeping the layer-by-layer structure,*® which could be the origin of the amorphous state. In this case, it is difficult for

both phosphoric acid groups of HEDP to be fixed in zirconium layers due to steric hindrance, and either of the two

readily becomes movable -PO3;Ho.

As shown in Fig. 2(a), the peaks in the range 20 = 5-12° (= 7-18 A) in the XRD patterns were unclear,

generally considered the distances for ZrP layers.’” The broad peaks around 20 = 18-35° (= 3-5 A) were

identified and should be derived from the Zr-Zr distance (= 4.5-5.5 A, indicated in Fig. 1(e))**?° because the

atomic scattering factor of Zr is much higher than other elements in ZrHEDP (H, C, O, and P). Therefore,

ZrHEDPs do not have the layer-by-layer structure but have the 2D structure, even though the plane is not so

continuous because of the quite broadness of the peak. The near Zr-Zr proximity on the 2D plane is sufficient

to make the distance among -PO3H>s close along the plane.

ICP-AES results showed that the P/Zr of the ZrHEDP samples ranged from 1.8 to 3.0. With the speculation

of the schematically represented structure in Fig. 1(c)-(e), the ZrHEDP samples are composed of the composite

structure of P/Zr = 2 (Fig. 1(c)) and 4 (Fig. 1(e)) with some unreacted zirconia precursor. If phosphonic acid

groups in HEDP were not captured in Zr layers, unreacted HEDP should be eliminated in the washing process



by water (see methods) because HEDP is water-soluble. Hence, as the P/Zr ratio increases, more phosphonic

acid groups should be attached to Zr layers, as shown in Fig. 1(e).

As for NMR results (Fig. 2(b)), all peaks in ZtHEDP samples are broad compared to those in HEDP. The

broadness indicated that all phosphonic acid groups are immobile and fixed to Zr layers,* and thus no free

HEDP remained in ZrHEDP samples. The specific assignment for *'P peaks in ZrHEDP is more complex than

the corresponding bands for other zirconium phosphonates, such as biphenylene-bisphosphonates, likely due to

the angular nature of the ether-bisphosphonate unit, which imposes two different orientations with the inorganic

layer.>® Nevertheless, the peak of the more freely movable *'P atom was expected to shift to a lower field.** %

Therefore, the peaks at 3 and 13 ppm can be attributed to the movable -POsH, and the immobilized -POs- in the

Zr-O-network layer, respectively. Furthermore, the intensity of peaks at 3 ppm became stronger as the value of

the P/Zr ratio increased. Therefore, these results suggested that ZrHEDP with a higher P/Zr value contains a lot

of -POs;H; moieties, which matches the above indications from the ICP—AES results. These two results mean

that ZrHEDP samples have the mixture of structures illustrated in Fig. 1(c)-(e), and the large amount of -PO3H,

moieties existed in the ZrHEDP with high P/Zr.

FT-IR results showed that P—O vibration in the ZrHEDP shifts to high wavenumbers when the P/Zr is large

(Fig. 2(c)). A higher wavenumber for the P—O indicates a higher energy state, i.e., a more unstable bond of -

PO;H».*' 1t is identical to the case that the H-bond is weakened by acid-acid interactions.!>*! The acid-acid

interaction does not originate if acids do not concentrate to some extent.?!>2 Then, the large amounts of -POsH,

were densified enough to generate acid-acid interactions. DSC results also showed the same tendency because



ZrHEDPs with a higher P/Zr exhibited a lower freezing temperature (Fig. 2(d)). Generally, the freezing point is

reduced when the water is firmly bound to other groups.** ** Concentrated acids can bind water molecules

intensely because multiple acids can form H-bonds to a single water molecule.** Therefore, the decrease of

freezing point in ZrtHEDP should be originated from the densified -POsH,.

In summary, even though XRD results indicated that the ZrHEDP samples were amorphous states and no

clear peaks for the layer-by-layer structure, the peaks for Zr-Zr distance were detected, which is more critical

than the layer-by-layer structure to retain the -PO3H; close. Furthermore, ICP-AES and NMR results suggested

a larger amount of -POsH» as P/Zr increases. Furthermore, as the essential insights, FT-IR and DSC results

identified the interaction of -PO3H; in close proximity. These results indicate that ZrHEDP with high P/Zr has a

lot of -POsH; at a close distance to interact with each other.

4.2 Proton conductivity of ZrHEDPs with dense-PO3;H, moieties

The proton conductivity data (Fig. 3) shows that the ZrHEDP samples with a high P/Zr ratio have low

dependence on RH. It is the same tendency with the previous reports on sulfonated aromatic hydrocarbon

polymers.® 3 4 The proton conductivity in this kind of random copolymer is more dependent on RH than that

of Nafion.> However, their humidity reliance is mitigated by introducing a large amount of sulfuric acid group

to a polymer, and the humidity dependence becomes comparable to that of Nafion.® *° The properties deriving

from concentrated acids seem to trigger the low dependence.

As one of the plausible explanations, the packed-acid mechanism might be the origin of the low dependence,

described in the following. As introduced in Section 1 in detail, the conventional mechanism of proton



conduction must require water movements.” ' The inevitable characteristic leads the severe dependence on RH.

On the other hand, the packed-acid mechanism, which occurs among concentrated acids, facilitates proton

conductions without water movements.'>2° It means that the proton conduction via the packed-acid mechanism

has the potential to be influenced not extensively by water, i.e., RH.

Here, we investigated whether the average distances among phosphonic acid groups in the ZrHEDP samples

were concentrated to facilitate the packed-acid mechanism by comparing them with the theoretical suggestion

in our previous report.?> Based on the results discussed in Section 4.1, the ZrHEDP samples include not only

the structure in Fig. 1(c) but also Fig. 1(d)-(e). The distance between -PO3Hss is 9~11 A in the structure of Fig.

1 (d), along with the zirconium phosphonate layer. The distance is estimated by -POs;H, concentrations based

on ICP-AES results and the volume and weight of the pellets for proton conductivity measurement (See Section

3.2 and Section III in Supplementary Information for more detailed methods). The average distances are 7.4,

9.0, and 10.7 A for P/Zr = 3.0, 2.8, and 2.5, respectively. Our theoretical material design proposed that the

hydrocarbon-based phosphonic acid moieties are better to exist at a close distance (~13 A) to facilitate the

packed-acid mechanism.?” The estimated average lengths of -C(OH)CH;3-POsH; in ZrHEDP samples are within

the suggested range. In addition, the theoretical results indicated that the frequency of the mechanism increases

gradually as the distance between acids becomes close.?? Thus, the gradual change of the RH dependence

associated with the P/Zr is also explained by the theoretical insights. The ZrHEDP samples with P/Zr = 2.5 and

1.8 show higher dependence on RH as P/Zr decreases. In these samples with low P/Zr, other mechanisms, such

as structural diffusion or vehicle mechanism, seem to be dominant, and the packed-acid mechanism is not (these



mechanisms can occur in parallel).

Furthermore, the low freezing temperatures in DSC results indicate that water in ZrHEDP is less movable as

P/Zr increases, not favorable for conventional mechanisms of proton conduction. Nevertheless, the proton

conductivity of the ZrHEDP with high P/Zr is enhanced, which also supports that the proton conduction

mechanism in the ZTHEDP samples is the packed-acid mechanism. In addition, the £, of the ZrHEDP pellet

with P/Zr = 3.0 was measured to be 15.3-35.4 kJ/mol at 95% RH and 90 °C. These values are below 0.4 eV (=

38.6 kJ/mol), typically considered the E, of the Grotthus mechanism.*® The E, of the previous sample where proton

moves through packed-acid mechanism exhibited 41 kJ/mol.?° It also means that the proton conduction

mechanism in ZtHEDP samples can be the packed-acid mechanism. Therefore, it is possible that the low

dependence on RH originated from the concentrated -PO3;H»s through the packed-acid mechanism.

As shown in Table S1 in Supplementary Infomation, we could not obtain ZTHEDP with P/Zr > 3. HEDP,

where both phosphonic acid groups are immobilized as -POs in ZrHEDP with P/Zr = 2, can bridge two ZrHEDP

layers. Therefore, ZrHEDP with P/Zr > 3 will have fewer "bridging-HEDPs," resulting in more open space for

water adsorption and less packed-POsHzs. Therefore, if the appropriate synthesis (or washing) condition leads

to the P/Zr > 3, that sample might have strong RH dependence. In addition, an excessive amount of -PO3;H; in

ZrHEDP with P/Zr > 3 might induce overly hydrophilic properties, which can be the reason to be washed out

and not exceed P/Zr = 3 (see Section I in Supplementary information).

The proton conductivity values of the best ZrHEDP sample (P/Zr = 3.0) were around 0.01 S/cm at broad RH

condition, 40-95%, and promisingly showed low dependence on RH. However, 0.01 S/cm is not adequate for



practical application in PEFC, while Nafion has 0.1 S/cm at 90% RH condition.>* 3 It is because phosphonic

acid groups have a lower dissociation constant of proton than sulfonic acid groups. Therefore, if the pKa of the

-POsH, is enhanced by some methods (e.g., introducing an electron-withdrawing element), it is possible to

obtain the material with low dependence on RH and enough proton conductivity for the PEFC operation.

5. Conclusion

ZrHEDPs, zirconium phosphonate functionalized with -POsH,s moieties, were synthesized to overcome the

humidity dependence of proton conductivity, the serious drawback of proton conducting materials. As the P/Zr

in ZrHEDPs increased, they had more packed-POsH> moieties and exhibited a higher proton conductivity with

a lower reliance on RH. Notably, the proton conductivity of the ZrHEDP pellet with P/Zr = 3.0 at 95% RH only

decreased to 2/3 at 40% RH, whereas Nafion at 40 % RH shows 1/5-1/20 of its conductivity at 95% RH. The

low RH dependence is an ideal property for several applications, such as PEFC applications.

Supplementary Information: The several synthesis conditions and the ICP-AES results, FT-IR spectra for all

samples, cole-cole plots of proton conductivity measurements, Arrhenius plots, and the detailed method estimating

the average distance between -PO3;H, moieties in ZrHEDP samples
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