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In this work, the effect of H3PO, purity on the activity of Pt/C thin film catalysts towards the oxygen reduction
reaction (ORR) was investigated. H3PO, is routinely introduced in the electrolyte during rotating disk electrode
(RDE) measurements to simulate the existing environment within high-temperature proton exchange mem-
brane fuel cells (HT-PEMFC). Three different purity grades were tested: crystalline (99.99% purity), commer-
cial H3PO, solution (85 wt%), hereafter, designated as non-purified H;PO4, and commercial H3PO4 solution
(85 wt%) purified with H,O,. H3PO, and/or its anions are known to strongly adsorb and interact with Pt sur-
faces. The presence of H3PO, negatively affected the electrochemically active surface area (ECSA) measured by
Hypa (ECSAy), and by CO stripping (ECSAco), kinetic parameters in the high current density region and the
limiting current density (j;,m) of ORR. One major finding was that the crystalline and purified H3PO, solutions
have similar effects on the Pt/C catalyst activity while the non-purified H;PO4 showed a significantly more
negative effect on the ECSA as well as on the ORR measurements. This was found to be due to the presence
of H3POs in the non-purified H3PO4 solution. Adsorption isotherms of H;PO3 were also measured using Hypq
and CO stripping in order to evaluate its adsorption on the catalyst surface. From these investigations, the pur-

ity level of H3PO, was shown to be an important factor in reliable ORR testing.

1. Introduction

Fuel cells (FCs) are gaining significant attention as an alternative
technology for converting the chemical energy in H, and O, bonds into
electrical energy with zero CO, emissions [1]. Of the existing fuel cell
technologies, high temperature proton-exchange membrane fuel cells
(HT-PEMFCs) are one of the most promising ones. HT-PEMFCs use a
polybenzimidazole (PBI) membrane doped with H;PO, (to ensure pro-
ton conductivity) and porous electrodes made from carbon-supported
platinum catalysts (Pt/C), which allow the cell to be operated at tem-
peratures ranging from 120 to 200 °C. This enables improved reaction
kinetics, increased tolerance to contaminants present in H, sources
(such as CO and SOy) and makes heat recovery feasible, thereby reduc-
ing the operating costs of the fuel cell [2,3].

Despite the advantages of HT-PEMFCs, some challenges still
remain before this technology is applicable at an industrial scale
[4]. A substantial part of the encountered issues is related to the

* Corresponding author.
E-mail address: bruna.lobo@uni-bayreuth.de (B.F. Gomes).
! These authors contributed equally for this publication.

lack of long-term stability of the Pt-based catalyst [5,6] and slow
kinetics of the electrode reactions due to the poisoning of the
catalytic sites with adsorbed H3PO, [7-10]. This results in reduced
catalytic activity especially towards O, reduction at the cathode side
as reported in literature [5,11]. Additionally, H3PO, can be electro-
chemically reduced by H, on the Pt surface to phosphorus species in
a lower valence state, such as H3;POs;, which has been shown to
have an even greater poisoning effect on Pt-based electrodes.
Indeed, H3PO3; competes with both O, and H, for the Pt active sites,
further contributing to the deterioration of the FC's performance
[12-14]. It is noteworthy that, while combing through literature,
not many published studies specify the purity of H3PO,4 or even con-
sider it as an important factor [13,15,16]. However, we believe that
this factor can significantly affect the rate of O, reduction and H,
oxidation reactions by influencing the availability of the adsorption
sites and/or changing kinetic parameters such as the exchange
current density and Tafel slope.
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It is worth noting that several works in the literature have already
demonstrated how impurities can affect the electrochemical perfor-
mance in different systems, resulting in inaccurate results. Trotochaud
et al. [17] demonstrated that the contamination with Fe ions can sig-
nificantly alter the performance of Ni-based ORR catalysts and, there-
fore, the electrolyte and glassware purification are very important
steps. Another example is the effect of alumina in the hydrogen evolu-
tion reaction using gold-based catalysts. Monteiro et al. [18] reported
that the presence of alumina used for polishing the electrode surface
can release AI*" ions, which can improve the catalytic performance
of gold. A curious fact is that the AI(OH); adsorbed on the surface of
the electrode is not detectable by gold blank voltammetry. Mayrhofer
etal. [19,20] and Tiwari et al. [21] demonstrated that the use of glass-
ware in alkaline medium can also be a source of contamination, since
the glass can be dissolved and the impurities can change the electro-
chemical response dramatically. The majority of these works deal with
cationic metal impurities. However, these can be avoided using H3PO4
of a high purity grade, which is always stated in the specifications
listed by the manufacturer. In our case, the focus was on the presence
of reduced phosphorus compounds (with phosphorus oxidation num-
ber lower than + 5) that are nearly always present in pure HzPO,
due to acid production (usually phosphorus oxidation process). These
compounds are not included in the specifications, as they are not con-
sidered as impurities by manufacturers. However, the effect of these
compounds on the electrochemical behaviour of Pt-based electrodes
is, especially in the case of H3POs3, tremendous. Therefore, it is impor-
tant to check all possible forms of contamination to avoid severe repro-
ducibility issues.

The most popular methods currently used to determine the ECSA of
Pt-based catalysts are hydrogen underpotential deposition (Hypq) and
CO stripping [22]. Both methods are similar in that the charge (Qy
and Qco, respectively) associated with the electro(de)sorption of a
(H" or CO, respectively) monolayer on the catalyst sites (at a given
applied potential) must first be determined. The obtained values are
then normalised by the specific charge of the surface area (Qs) consid-
ering an ideal electron transfer processes: a one-electron transfer in the
case of Hypq (210 uC cm™~?) and a two-electron transfer process for CO
stripping (390 uC cm ™ 2) [23-25], as shown by Equation (1) [26]. Pure
Pt nanoparticle catalysts are expected to show a charge ratio of (Qco
/2 Qu) ~ 1. However, underestimation of the ECSAy due to suppres-
sion of Hypq adsorption is often observed in various experimental con-
ditions [23]. An alternative explanation for this observation is that the
Qu on polycrystalline Pt is underestimated. This is a result of the com-
monly accepted but unwarranted assumption that the charging current
(usually determined in the double layer region of the Pt voltammo-
gram) is independent of the electrode potential, i.e. that it remains
constant even when the double layer structure changes in the Hypq
region. Thus, in certain cases, the charging current can easily be over-
estimated. This applies even to inert supporting electrolytes such as
HClO,4 and the situation is likely to be even more complicated in the
presence of adsorbing electrolytes such as H3PO,. It is recommended
that CO stripping be used in conjunction with Hyp4 to avoid underes-
timating the ECSA, especially since there is yet to be a consensus
among the scientific community regarding the best choice of method
to determine the ECSA [26].

ECSAco = 20 (M)
Qs

In this work, the effect of H3PO, purity on the ORR activity and the
ECSA (determined with both CO stripping and H,pq) is investigated
using the RDE method. To this end, adsorption isotherms for H3PO3
on polycrystalline Pt sheets and on Pt/C catalysts were also studied
to evaluate its adsorption on the catalyst surface and compare it to that
of H3PO4. By using this approach, we were able to determine that the

purity level as well as the time H3PO, is stored after purification are
important factors to be considered when gathering information about
the catalyst’s activity and comparing them to literature values.

2. Experimental part
2.1. Chemicals and materials

Chemicals included HCIO4 70 wt% (Fluka, ACS reagent), H3PO4
85 wt% (Sigma-Aldrich, 99.999 % trace metals basis), crystalline
H3PO, (Sigma-Aldrich, >99.999 % trace metals basis), anhydrous
tetrahydrofuran (THF) (Sigma Aldrich, ACS reagent), isopropanol
(Fluka, ACS reagent), H,O, 30 wt% (Sigma-Aldrich, ACS reagent),
NaOH 1 mol dm ™3 (reagent USP, Titripur). Both the Pt nanoparticles
on Vulcan XC-72R carbon support and the 5 wt% solution of NS-5
Nafion were obtained from QuinTech.

2.2. H3PO, purification

H3PO, was purified using a standard procedure [13]: 200 cm® of a
85 wt% H3PO, solution were placed in a 500 cm® perfluoroalkoxy
alkane flask and 100 cm® of a 30 wt% H,0, solution were added,
resulting in formation of peroxyphosphoric acid which can oxidise
the majority of impurities including the reduced phosphorus com-
pounds. The solution was heated to 130 °C for 24 h, to allow perox-
yphosphoric acid to be decomposed, until the majority of water had
evaporated and the solution stopped boiling. The temperature was
then increased to 165 °C for another 96 h to further concentrate the
acid. The H3PO,4 concentration was then determined by acid-base
titration with a 0.1 mol dm ™3 NaOH standard solution. H;PO, was
titrated as a monoprotic acid using methyl orange as pH indicator (2
drops of 0.5 g dm ™3 methyl orange aqueous solution). 10 mL of
HsPO, (0.1 mol dm~>) were titrated and the procedure was repeated
3 times for each H3PO, solution (H3PO,4 85 wt% before purification,
H3PO, crystalline and H3PO, purified). It was not possible to quantify
the traces of H3POs in the H3PO, solutions since the concentration of
H3POs; is below the detection limit (NMR - see Fig. S1).

2.3. Pt/C catalyst characterisation

Thermogravimetric analyses (TGA) of the Pt/C catalyst were per-
formed in an STA 449C Jupiter® analyser (NETZSCH). The sample
was heated to 550 °C in an aluminium crucible at a rate of 10 °
C min ™! in synthetic air. The Pt content in the catalyst was confirmed
to be 31 *+ 3 wt% (Fig. S2). The nanoparticles average diameter
(2.3 = 0.7 nm) was determined by transmission electron microscopy
(TEM) (Fig. S3).

Brunauer-Emmett-Teller (BET) specific surface area measurements
were performed by nitrogen adsorption/desorption at 77 K in a
Micromeritics ASAP 2010 unit (Micromeritics). Prior to the measure-
ments, the Pt/C catalyst was degassed for several hours at 80 °C to
remove most of adsorbed water and other surface contaminants. The
BET-determined surface area was found to be 159.8 + 0.4 mz/gcatalyst
(Fig. S4).

The electrochemical measurements were recorded on a VSP300
potentiostat with an EIS module (BioLogic). An AFMSRCE rotator
(Pine Research) was used to control the rotation speed of the RDE.

2.4. Thin film (TF)-RDE preparation

The glassy carbon RDE tip (¢ = 5 mm) was first polished with alu-
mina particles of (average) size 0.3 ym and then with 0.05 pm parti-
cles. In either case, the particles were suspended in an alcoholic
suspension (Buehler). The electrode was then sonicated in the pres-
ence of ethanol for 10 min, rinsed with ultra-pure water (18.2 MQ



cm), sonicated for another 10 min, in ultra-pure water, and finally
rinsed with ultra-pure water. The ink solution was prepared using
30 mg of Pt/C catalyst in 5 cm® of THF. The solution was sonicated
for 25 min in an ice bath, then 0.1 cm?® of 5 wt% Nafion solution were
added to the ink and sonicated for 5 more minutes. 0.01 cm® of ink
were then drop-casted onto the surface of the glassy carbon disc result-
ing in a catalyst loading of 97 ugp; cm ™2 The Pt/C thin film on the
glassy carbon RDE tip was air dried by with rotating the tip at
700 rpm for 15 min.

2.5. Electrochemical setup and procedures

The electrochemical glass cell with an approximate volume of
660 cm® and water-jacket for heating was manufactured in-house
(see Supplementary Information, Fig. S5). The glass components of
the electrochemical cell were cleaned with piranha solution before
using the cell for the first time. This was followed by boiling the cell
in and rinsing it with ultra-pure Milli-Q water. Furthermore, the set-
up was stored in Milli-Q water when not in use to avoid exposure to
contaminants. The temperature during the experiments was set to
25 + 2 °C. To optimize the electrolyte saturation with gas, the gas flow
at the inlet was first directed through a frit to reduce the size of the
bubbles. The counter electrode (CE) was a Pt coil inserted in a glass
tube with a frit at the tip to prevent contamination of the electrolyte
with products generated at the CE. The working electrode was either
a commercial RDE (Pine Instruments, USA) with a glassy carbon disc
(¢ 5 mm) sheathed in a polytetrafluoroethylene cylinder or a polycrys-
talline Pt sheet electrode (99.99 % Pt, Safina) with geometric surface
area of 1.2 cm? and roughness factor of 2.5, embedded in glass. A
reversible hydrogen electrode (RHE, HydroFlex — Gaskatel) inserted
into a Luggin capillary was used as a reference electrode in all exper-
iments involving Pt/C. For consistency with experiments previously
reported in the literature [12,27], Hg|Hg,S04|K,SO, (saturated)
(0.654 V vs RHE at 25 °C) was used as a reference electrode during
experiments with the polycrystalline Pt sheet electrode and the poten-
tial was corrected to that of RHE. All potential values in this paper are
reported against RHE. The ohmic drop was compensated at 80 % using
the current interrupt method, which left an uncompensated resistance
of < 5 Q in the electrochemical cell. This remaining uncompensated
resistance was corrected during data treatment.

2.5.1. Experimental procedures

The procedures described below were performed sequentially both
for the stability tests and for measurements in different electrolytes.
During the switching of electrolytes, the electrode was carefully
washed with ultra-pure water and then kept imersed in the subsequent
electrolyte to minimise exposure of the thin film to air.

Procedure 1 — TF-RDE preconditioning.

The procedure for TF-RDE preconditioning was performed in a sta-
tionary fashion by electrode potential cycling in 0.1 mol dm ™2 HCIO,
electrolyte solution saturated with N5 Scan description: +0.1 V
— 4+ 002V — 4+ 1V — + 0.02V, scan rate 0.100 V s~ !, number
of cycles 100. This procedure is performed to electrochemically clean
the catalyst surface off contaminants and to obtain a stable metallic
surface.

Procedure 2 - ECSA determination via Hypg.

After catalyst preconditioning, the ECSA of the stationary electrode
was determined via Hypq by performing cyclic voltammetry in the
respective electrolyte solution under N, atmosphere. Scan description:
+045V — + 0.02V — + 1V — + 0.02V, scan rate 0.020 Vs~ 1,
number of cycles 3. The third scan was used for evaluation. The Hypq
charge (Qy) was obtained by integrating the current-time profile
within limits corresponding to a potential region from + 0.02 V
to + 0.43 V. The contribution of the double layer was subtracted in
each specific electrolyte.

Procedure 3 - ORR activity.

The activity of the TF-RDE for ORR was evaluated using cyclic
voltammetry in the respective electrolyte solution under electrode
rotation (1600 rpm). Scan description: +1.1 V — + 04 V
— + 1.1 V, scan rate 0.015 V s~ !, number of cycles 3. The third scan
was used for evaluation.

First, the background currents for subtraction were obtained by
measuring in an N,-saturated solution. Then, O, was bubbled in the
electrolyte solution for 20 min. The measurement was repeated while
bubbling the O,. The background current correction was performed by
subtracting the voltammogram obtained in the presence of N, from the
one obtained in the presence of O,. The voltammogram in the direc-
tion from + 1.1 V— + 0.4 V was plotted and analysed.

Procedure 4 - ECSA determination via CO stripping.

In the next step, the ECSA of the stationary electrode was deter-
mined via CO stripping by performing cyclic voltammetry in the
respective electrolyte solution. Before starting the CO stripping proce-
dure, a cyclic voltammogram was recorded in an Nj-saturated elec-
trolyte, to be used as the background. Scan description: +0.1 V
— 4+ 0.02V > + 1.1 V— + 0.02V, scan rate 0.020 V s~ !, number
of cycles 3. After acquiring the background signal, CO was bubbled
concurrently with the application of + 0.1 V for 4 min, enough for
the CO to adsorb on the Pt surface. This potential value was similar
to the one used by Rudi et al. [26], who have previously optimized
the procedures for ECSA determination with RDE. In the next step,
the CO present in the electrolyte solution was purged by bubbling
N, for 20 min, leaving behind only the CO adsorbed on the Pt surface.
For CO stripping, a cyclic voltammogram was recorded. Scan descrip-
tion: +0.1 V- 4+ 1.1 V — 4+ 0.02 V — + 1.1 V, scan rate
0.020 mV s~ !, number of cycles 3. The first scan was used for evalu-
ation. When determining H3PO3 adsorption isotherms at Pt/C via CO
stripping, the starting potential was changed to 0.45 V. This potential
was chosen as the maximum Pt surface coverage with H3PO3 occurs at
this potential value, due to absence of Hyq [12]. At the same time, this
potential is still sufficiently low to avoid any undesired oxidation of
H3PO3 and CO. The second cycle was always used for background cur-
rent subtraction.

2.5.2. Experiments

Stability test

The stability test was performed with a 0.1 mol dm™> HCIO, elec-
trolyte. First of all, one freshly prepared TF-RDE (with Pt/C catalyst)
labelled as “TF-RDE (1)” was preconditioned (Procedure 1). Then, a
sequence consisting of Procedure 2 (ECSA determination via H,4), Pro-
cedure 3 (Oxygen reduction reaction kinetics) and Procedure 4 (ECSA
determination via CO stripping) was performed in 0.1 mol dm ™2 HCIO,
solution. The sequence of these three procedures will be referred to as
the “cycle”. This cycle was repeated 3 times. The stability test was
repeated 3 times (Fig. S10).

Measurements using different electrolytes.

To verify the influence of phosphoric acid purification on the per-
formance of Pt/C catalysts, sequential measurements were made with
another freshly prepared and preconditioned (Procedure 1) TF-RDE
(with the Pt/C catalyst), labelled as “TF-RDE (2)”, using the following
sequence of electrolytes:

1%t & 2" — 0.1 mol dm ™2 HCIO,,

3" _ 0.1 mol dm~3 HCIO, + 0.1 mol dm ™2 crystalline H3PO,,

4™ _ 0.1 mol dm ™3 HClO4 + 0.1 mol dm ™2 purified HsPOy,

5% _ 0.1 mol dm ™% HCIO, + 0.1 mol dm~3 non-purified H3POy,,

6™ - 0.1 mol dm ™2 HCIO,.

2.6. H3PO3 adsorption isotherms

Before starting the isotherm measurements, a new TF-RDE with Pt/
C catalyst, labelled as “TF-RDE (3)” was preconditioned as described in
Procedure 1. The determination of H3PO3; adsorption on the catalyst
was based on measuring the Pt ECSAs by H,,q and CO stripping tech-



niques (as described in the previous sections) in various electrolyte
solutions. The ECSAs were first determined in 0.1 mol dm™2 HCIO,.
Then, the measurement was repeated in the solution containing a
gradually increasing amount of H3;POs;. After each addition of
H3POs, the electrolyte solution was bubbled with N, the electrode
was rotated at 2000 rpm for 5 min to homogenise the solution, and
then Hypq and CO stripping routines were performed.

3. Results and discussion
3.1. Benchmarking Pt/C-based TF-RDE behaviour in HClO, (stability test)

TF-RDEs were prepared with Pt/C catalyst as described in the
experimental section. ECSA (H,pq and CO stripping methods) and
ORR activity were studied in various electrolytes, as shown in Fig. 1.
The rotational air-drying method used as described earlier for TF-
RDE preparation offers a higher reproducibility than stationary air dry-
ing. However, it still does not allow for a direct comparison of different
TF-RDEs in terms of their absolute ECSA values [28]. Moreover, ECSA
measurements are very sensitive to any changes resulting from the
electrode’s history, i.e. number of cycles, potential window selected,
etc. Therefore, five stability cycles were performed in 0.1 mol dm™3
HClO,4 solution with TF-RDE (1). The purpose of this particular
sequence was to determine the extent of changes in ECSA and ORR
activity that results when the above-defined cycles were performed
in 0.1 mol dm ™3 HCIO, solution. This serves as a baseline for the rig-
orous experiments where the supporting electrolyte solution composi-
tion were changed. As can be seen from voltammograms in Fig. 1A, B
and C, the most significant (but still minor) changes of the electro-
chemical behaviour of the Pt/C catalyst occur between cycles 1 and
2. In particular, these minor changes involve:

o A decrease in adsorption/desorption peak currents in both the Hypq
and the Pt oxidation/PtO(H),q4s reduction region in Fig. 1A,

o A slight shift of ORR towards higher electrode potentials in Fig. 1B
and

e A minor shift of CO stripping peak towards lower electrode poten-
tials in Fig. 1C.

No further changes in the characteristics of Pt/C voltammograms
were observed. The ECSA determined by both techniques decreased
nearly linearly with the increasing cycle number, see Fig. 1D. The orig-
inal ECSA obtained by CO stripping (ECSA¢o) was about 27 % higher
than that determined by H,pq (ECSAy). On the other hand, the
decrease in ECSAco was faster (7 % per cycle) than that of ECSAy
(4 % per cycle). Determining the exact origin of these differences
and changes is out of the scope of the present work, but they might
be related to the different adsorption energies of different adsorbates
at the Pt surface, or they could be related to a surface-level restructur-
ing of nanoparticulate Pt in the thin film upon polarization [26].
Finally, it is interesting to note that the geometric-area-based ORR cur-
rent density does not change despite the fact that a significant reduc-
tion in ECSA was observed.

3.2. Effect of H3PO, purity on Pt/C-based TF-RDE behaviour

Analogous measurements to the ones performed for benchmarking
the changes in the Pt/C catalyst during stability cycles in 0.1 mol dm 3
HClO, environment were performed using TF-RDE (2) with the elec-
trolyte solutions being changed sequentially. To stabilise the response
of TF-RDE (2), the first two measurement cycles were performed in
0.1 mol dm ™2 HClO,, the results of which are presented in Fig. 2A,
B and C.

The extent and nature of the changes observed within these two
first cycles were similar to the ones observed during the stability test
discussed in section 3.1. The following cycles, i.e. cycles no. 3 to 5,

were performed with solutions containing both 0.1 mol dm ™3 HClO,
and 0.1 mol dm ™3 H;PO, of various purities, as described in section
2.5.2. In particular, H3PO, purity decreased with increasing cycle
number, i.e. crystalline (cycle no. 3), purified (cycle no. 4) and non-
purified H3PO4 (cycle no. 5). Long-term storage of the acid after the
purification process is expected to result in a negative impact on per-
formance due to the absorption of impurities from the environment
and/or from the container. Hence, it is recommended that long-term
storage of H3PO, solutions after purification is avoided.

As shown in Fig. 2A, the addition of H3PO, into the electrolyte solu-
tion caused a decrease of the current response over the whole investi-
gated potential range of Pt/C voltammograms except for the double
layer region. Peaks at 0.25 and 0.1 V in the reduction part of the Hypq
region and related oxidation peaks became sharper. At the same time,
the onset of Pt oxide formation shifted by about 0.1 V to more positive
electrode potentials. This is a typical behaviour observed in an H;PO4
environment ascribed to the adsorption of H3PO, and/or its anions on
the Pt surface [12,27,29]. The purity of H3PO, did not seem to have a
significant effect on the profile of the voltammograms.

When comparing the ORR activity in Fig. 2B, a reduction in Pt/C
activity in the presence of H3PO, was observed. This is documented
by a shift of the voltammograms by about 0.1 V to lower electrode
potential values. However, it seems that the purity level of the
H3PO, does not play a strong role in the Pt/C activity towards ORR.
A slight reduction in ORR limiting current density is also visible with
the smallest limiting current being observed in the case of non—puri-
fied H3PO,4. The CO oxidation peak profile changed only in the pres-
ence of non-purified HsPO,, where an additional pronounced
oxidation peak became apparent just before the standard CO stripping
peak at 0.8 V, see Fig. 2C. A detailed view of the CO stripping peaks
showing the small prepeak around 0.65 V, which can be attributed
to increased step defects on Pt surface [30,31], is shown in Fig. S8
in Supplementary information. When a final cycle (no. 6) was per-
formed, again in 0.1 mol dm 2% HClO,, all the recorded profiles again
resembled the ones observed in cycles no. 1 and 2. The change of
ECSAco and ECSAy over each cycle is summarized in Fig. 2D and exact
values are included in Table 1.

The decrease of ECSAs, which is visible between cycles no. 1 and
2 (in 0.1 mol dm™2 HCIO,), closely resembles the trends found dur-
ing the stability test. When crystalline and purified H3PO, were intro-
duced in the electrolyte solution (cycles no. 3 and 4), the decrease in
ECSAco remains practically constant. However, the presence of
non-purified HzPO, during cycle no. 5 led to the most significant
drop in ECSAco. Interestingly, replacing the solution with a
0.1 mol dm~2 HCIO, solution (cycle no. 6) led the ECSAco to
increase to the level expected on the basis of the stability test (1 %
decrease compared to the expectations based on the stability test,
see full and empty squares in Fig. 2D). The situation with ECSAy
was somewhat different, since using crystalline H3PO, in cycle no.
3 already caused a dramatic reduction of the ECSAy value (8 % drop
compared to the expectations based on the stability test, see full and
empty circles in Fig. 2D). On the other hand, exchanging crystalline
H3PO, with purified H;PO, slowed down the ECSAy decay rate to a
similar level as seen with the HClO, solution. This is documented by
the same slopes of the ECSAy drops between cycle no. 3 and 4 during
the stability test and experiments with different electrolytes. The
ECSAy decrease, determined in non-purified H3PO,4, was again sig-
nificantly higher. Final measurements performed in a 0.1 mol dm ™3
HCIO, solution revealed a decrease in ECSAy similar to that in the
stability experiment. However, the absolute ECSAy values remained
rather low and by no means did they recover as in the case of
ECSAco. This may indicate that parts of the hydrogen adsorption sites
are permanently compromised after exposure to different electrolytes
and by repeated electrochemical measurements. An additional source
of errors could be the subtraction of overestimated charging currents
as discussed in the Introduction.



Fig. 1. (A) Cyclic voltammograms performed under N, atmosphere, at a potential sweep rate of 20 mV s~ ! and at 0 rpm. Cycle number 3 is shown. (B) ORR
activity measured using CV, only the anodic direction is shown. The background contribution (CV obtained in N,) was subtracted from the ORR curve. The
measurements were performed under O, atmosphere, at potential sweep rate of 15 mV s~ ! and at 1600 rpm. (C) CO stripping voltammograms. The measurements
were performed under N, atmosphere, at potential sweep rate of 20 mV s~ ' and at 0 rpm. Cycle number 1 is shown. (D) ECSA determined via Hypq and CO
stripping as a  function of the cyclic voltammetry  cycle, (ECSAnypa = (32.0 £ 0.2)m?g;! + (—1.3 £0.1)m?g,! x Cycleno.) and
(ECSACO sipping = (40.6 £ 0.8)m?g,! + (—2.7 £ 0.2)m?g,! x Cycleno.). The stability test was repeated 3 times and the other replicates can be seen in Fig. S10.
For all of these electrochemical measurements, TF-RDE (1) was used. Measurements were performed using 0.1 mol dm~> HCIO, electrolyte solution. Cycle

numbers are provided in the legend of fig. C.

At this point, it is worth looking in more detail at the ORR kinetics.
Before analysis, all ORR voltammograms presented in Fig. 1B and
Fig. 2B, were corrected for the mass transport limitation in the elec-
trolyte solution using the classical formula (Equation (2)) derived from
the Koutecky-Levich equation.

. J * Jiim

ka Ulim _]| (2)
here jii, represents the kinetic current density at a given electrode
potential (E), jii, is the limiting current density and j is a current density
at any given E. Two Tafel slopes were found on selected polarisation
curves presented in the form log(jiin) = f(E), see Supplementary infor-
mation (Fig. S7). The first Tafel slope can be observed in the low cur-
rent density region corresponding to the potential range from 1 to
0.85 V, where the Pt surface is expected to be, at least partly, covered
by oxides/adsorbed O [32,33]. The second Tafel slope is present in the
high current density region in the potential range from 0.77 to 0.55 V,
which correlates with the double layer region, where the Pt surface
should be free of oxides/adsorbed O [32,33]. The kinetic parameters
determined from cycles no. 2-5 for ORR in 0.1 mol dm~° HCIO, are
summarised in the Supplementary information (Table S1). Kinetic
parameters determined in cycle no. 1 were not considered, since they
differ from those found for theremaining cycles. It can be seen that in
the low current density region, the Tafel slope and j, are
about — 58 mV dec ™! and 2.6-10~® mA cm ™2, respectively. Such Tafel

slope value is in good agreement with numerous previous works corre-
sponding to electrodes where part of the Pt surface is covered by oxy-
gen adsorbates [34]. The values of the Tafel slope and j, in the high
current density region, however, were significantly higher than other
literature values (—186 mV dec™ ! and 0.65 mA cm ™2, respectively).
Such high current density region value of Tafel slope is higher than
the usual —120 mV dec™ ! reported for polycrystalline Pt electrodes
and as explained by other theoretical works reported in literature
[35,36]. It has been suggested that a Tafel slope (in absolute value)
higher than —120 mV dec ™! is, in this case, a result of limited O, mass
transport within a catalytic layer [37]. On the other hand, a similar
Tafel slope value was reported for Pt nanoparticle arrays without a cat-
alytic layer in the potential region below 0.7 V [38]. In this case, how-
ever, the mass transport limitation is less likely. In any case, although it
is not clear if the Tafel slope value of —186 mV dec™! determined in
our experiments has a direct microkinetic meaning, it is still useful
when discussing an effect of impurities, which is the main goal of this
work. A more detailed analysis of the kinetic data can also be found in
literature [35,39,40]. It has to be mentioned here that the precision of
the determined kinetic constants in the high current density region is
low due to a significant extent of current density correction, which is
required at low electrode potentials where j values start to approach
Jjiim- This is also indicated by a higher standard deviation of the kinetic
parameters in the high current density region. In any case, an increase
in jo when going from low to high current density region by nearly-five



Fig. 2. (A) Cyclic voltammograms performed under N, atmosphere at a potential sweep rate 20 mV s~! and at O rpm; the cycle number 3 is shown. (B) ORR

activity measured using CV, only the anodic direction is shown. The measurements were performed under O, atmosphere, at a potential sweep rate of 15 mV s

-1

and at 1600 rpm. (C) CO stripping cyclic voltammograms were performed under N, atmosphere, at a potential sweep rate of 20 mV s~ ! and at 0 rpm. (D) ECSA
determined via Hpq and CO stripping versus cycle repetition and ECSA curve estimated using the linear fit shown in Fig. 1D. For these electrochemical
measurements, the same thin film of Pt/C was used, using different electrolytes. Cycles 1, 2 and 6 were performed in HClIO4 0.1 mol dm 3, measurements 3 to 5 in
mixtures of 0.1 mol dm™2 HCIO, + 0.1 mol dm ™2 H3PO,. The latter is prepared from HsPO,4 sources of the following purity levels: crystalline (cycle no. 3),

purified (cycle no. 4), and non-purified (cycle no. 5), respectively.

Table 1
ECSA as determined by Hu,q and CO stripping methods using different
electrolytes.

Electrolyte Cycle ECSAtupa ECSAco
_ _ m?g ! m? g
HCIO, 1 43 49
HCIO,4 2 41 45
HCIO,4 + H3PO, crystalline 3 37 42
HClIO, + H3PO, purified 4 36 39
HCIO,4 + H3PO,4 non-purified 5 33 34
HCIO,4 6 31 35

orders of magnitude was observed. A pronounced difference of several
orders of magnitude between j, obtained in these two regions has been
well established in literature, e.g. [41,42]. which is attributed to the
inhibiting effect of oxygen species at the Pt surface [43]. The increase
of the Tafel slope could be explained by a change in the surface compo-
sition, rate-determining step or even the reaction mechanism of the
ORR [7,44].

Kinetic parameters determined for sample TF-RDE (2) are sum-
marised in the Supplementary information (Table S2). The Tafel slope
and ji, in the low (-0.058 V, 3.0-10® mA cm~?) and high current den-
sity (-0.202 V, 0.42 mA cm™?) region in 0.1 mol dm™ 3 HClO, solution
(cycle no. 2) are close to those observed for the previous TF-RDE (1) in
the same electrolyte solution. Regardless of its purity, the presence of
H3PO, in the solution caused only a minor increase of the low current

density Tafel slope to approximately —0.065 mV dec ™! and j, values
changes were negligible and within experimental precision. More
interesting changes were observed, however, in the high current den-
sity region. Here, the introduction of crystalline and purified H;PO4
did not cause any visible changes to the Tafel slope, but j, decreased
by about 65 %. In the presence of non-purified H3PO, the Tafel slope
decreased to about —-0.140 mV dec™ ! and j, dropped by as much as
95 %. This suggests that a significant portion of the active sites are
blocked by species other than H3PO,. The Tafel parameters deter-
mined for the last cycle (no. 6), which was performed again in a
0.1 mol dm ™3 HCIO, solution, almost returned to their original values
(as observed in cycle no. 2 before the addition of H;PO,).

The experimental results seem to suggest that the electrolyte com-
position also affects the limiting current (jj;,,), since values decrease by
about 3.5 % and 6 % after addition of crystalline or purified (cycle no.
3 and 4) H3PO, and non-purified (cycle no. 5) H3zPO, into the
0.1 mol dm~2 HClO, solution, respectively. Finally, the jj, value
observed during the final cycle (no. 6) performed in HClO,4 solution
is the same as in cycle no. 2.

These observations can be explained by the following considera-
tions: H3PO,4 and/or its anions are known to adsorb at the Pt surface
and significantly reduce the amount of oxygen-containing adsorbates.
Their interactions with Pt surfaces have already been discussed else-
where [7]. In summary, H,PO,; exhibits maximum coverage of the
Pt surface at potentials corresponding to the double layer region,
where the co-adsorption of H or O on H,PO, is absent. In a first
approximation, crystalline and purified H3PO, exert the very same



effect on the behaviour of the Pt/C catalyst present in the TF-RDE for
all of the above investigated cases (ECSAy, ECSAco, ORR). Since these
H3PO, sources are highly pure and do not contain measurable amounts
of contaminants, their effect can be attributed solely to the action of
H3PO,4 and/or its anions. On the other hand, non-purified H3PO,4 neg-
atively influenced ECSAy, ECSAco, ORR kinetic parameters in the high
current density region, and ji;,, of ORR. These observed changes can be
attributed to the interaction between strongly adsorbing species (that
can be removed with H,0,), contained in non—purified H3PO,, and the
catalyst centres. We believe that the main contaminant is H3POs3. A
schematic showing the hypothesised effect of H;PO3 on the ORR at
Pt electrodes is presented in Fig. 3.

In particular, the competition between H3PO3 and hydrogen atoms
in Hypq for adsorption sites, described in our previous works [12,27],
explains well the observed drop in ECSAy to a level below that
observed in the presence of crystalline and purified H;PO, in the pre-
sent work. In this context, it is necessary to mention that H3PO3 is not
oxidised at a measurable rate in the H,pq potential range. The signifi-
cant drop in ECSA¢o and changes in the CO stripping voltammogram
in the presence of non-purified H3PO4 as shown in Fig. 2C can be
explained analogously. First of all, it is good to keep in mind that
CO adsorption was performed at 0.1 V, i.e. well within the Hpq poten-
tial region. In addition to that, the appearance of the oxidation peak at
0.75 V just before the CO stripping peak in non-purified H3PO,, can be
attributed (as will be shown later) to the anodic oxidation of H3POs;.
From the above description of the ORR kinetic results, it follows that
in the low current density region (potential ranging from 1 to
0.85 V) the kinetic parameters were not affected by the impurities pre-
sent in non-purified H3PO,4. On the other hand, in the high current
density region of ORR (potential ranging from 0.77 to 0.55 V) both
the Tafel parameters were influenced significantly. This difference
can be attributed to the fact that in the first scenario (high positive
potentials), HsPO5; is immediately oxidised at the Pt surface with
adsorbed oxygen-containing intermediates (e.g. (OH).qs or Oags,
denoted here shortly as PtO,). Therefore, the surface concentration
of H3PO3 on the Pt/C surface is close to zero. On the other hand, at
the lower potentials (in the high current density region of ORR)
H3PO; partially accumulates at the Pt surface and influences the
ORR kinetics. This likely H3PO3 accumulation at the Pt/C surface is
in accordance with a 95 % drop in the high current density j, value.

Additional insights can be gained by looking at the jj, values,
which are, at any given temperature, directly proportional to the solu-
bility of O,. Furthermore, O, solubility in the electrolyte solution is
also influenced by the ionic strength of the electrolyte (the so—called
salting out effect), which has to be considered when analysing the jj;,
values. Therefore, based on the work of Weisenberger et al. [45] the
0, solubility in a 0.1 mol dm ™3 HCIO, + 0.1 mol dm 2 H3PO, solu-
tion was calculated to be 2 % lower than in a 0.1 mol dm ™3 HCIO,
solution. This suggests that the additional jj;,, drop by 1.5 % in the
presence of crystalline or purified H3PO, is caused by partial Pt/C sur-
face blocking by H3PO,4 and/or its anions. A further 2.5 % drop in jjy
value in non-purified H3PO, can be assigned to H3PO3; adsorption at
the Pt/C surface. In summary, the largest effect of H3PO5 on the pro-
cesses at the Pt surface can be expected in the potential region between
Hypa (at Hypq potentials the adsorbed H3PO; is at least partially
replaced by adsorbed H) [12] and the potential where the anodic oxi-
dation of H3POs starts to occur at a measurable rate.

The co-adsorption of H3PO3; and H,PO4 on a Pt surface in aque-
ous electrolytes represents a complex issue, rendering determination
of H3PO3; adsorption isotherms in H3;PO, electrolyte problematic. It
is clear that the adsorption of H3PO3; on Pt is stronger and, most
probably, not simple physisorption as in the case of H,PO, . In order
to assess the impact of H,PO4 on an ECSA of Pt determined by Hypq
and CO stripping procedures, it is convenient to shift to a less com-
plex system of a bulk polycrystalline Pt electrode. This enables
observing changes in voltammogram shapes and ECSA of Pt due

to CO-H,PO,; interaction and direct comparison of these results
with Hudp'

3.3. H3POj3 isotherm on Pt/C

As mentioned in the previous section, the co-adsorption of
H,PO,; and CO can potentially lead to significant differences in
ECSA values determined by CO stripping and H,pq methods. In addi-
tion, results obtained previously in Section 3.2 implied that the pur-
ity of H3PO4 has a significant impact on the determined values of Pt
ECSA. To evaluate the effect of H3PO, concentrations on both
ECSAs in more detail, a series of experiments was performed on a
simplified system, i.e. polycrystalline bulk Pt electrode using addi-
tions of the crystalline H;PO4 to deaerated 0.5 mol dm™3 HCIO,
electrolyte. The concentration of HCIO4 was chosen in order to be
consistent with our previous results obtained on a bulk Pt electrode
[12,27]. The results of these experiments are summarised in Supple-
mentary Information. These results clearly pointed out that co-
adsorption of H,PO; and CO does not result in a significant change
of polycrystalline bulk Pt ECSA and results of CO stripping and Hypq
methods performed in aqueous electrolytes of H3;PO, are similar.
Therefore, it was possible to introduce the H3;PO3; to the Pt/C-
H3PO, system in the next step.

Both Hypq and CO stripping voltammograms at Pt/C were recorded
in 0.1 mol dm 3 HCIO, and in 0.1 mol dm % HClO4 + 0.1 mol dm 3
H3PO,. As already described [12,27], increasing H3PO5 concentration
within the HClO, solution leads to, regardless of the H;PO, presence in
the electrolyte solution, the gradual disappearance of ad/desorption
peaks in the Hypq region, increase of oxidation currents at potentials
above 0.55 V and finally, the disappearance of Pt oxide reduction
peaks during scanning towards negative potentials (see Fig. 4A). The
oxidation peaks with a maximum at about 0.75 V (onset potentials
are not affected by the presence of H3PO,, see voltammograms in
Fig. 4 A and C) can be attributed to the anodic oxidation of H3PO3
to H3PO, at the Pt surface. It is worth mentioning here that the pres-
ence of H3POs; in HCIO4; solution in concentrations below
0.1 mmol dm™2 have an effect that can hardly be observed at all in
the voltammograms in Fig. 4A and C. This is in sharp contrast to CO
stripping voltammograms presented in Fig. 4B and D where the pres-
ence of H3POj; in concentrations as low as 1.6 x 10 ™2 mmol dm™>
causes a visible decrease of the CO stripping peak current density
(peak potential of about 0.8 V). At the same time, a new oxidation
peak (with maximum at about 0.74 V) starts to appear just before
the CO stripping peak. This is clearly visible on voltammograms
recorded in solution with H3PO3; at concentrations of around
7% 10”2 mmol dm 3. The oxidation peak potential of about 0.74 V
coincides with the potential of anodic oxidation of H;PO3 to H3PO,.
Interestingly, a practically identical voltammogram was observed in
the case of CO stripping in 0.1 mol dm~2 HCIO, with non-purified
H3PO,, as discussed above (not shown), suggesting a similar composi-
tion of both electrolyte solutions. This observation allows us to roughly
assume that the H;PO5 concentration in the 0.1 mol dm ™% H;PO, solu-
tion was also about 0.07 mmol dm ™3, i.e. that the molar ratio between
H3PO3; and H3PO, is approximately 7 X 10~ *. Further increasing the
H3PO5 concentration to about 1.7 mmol dm ~ causes the CO stripping
peak to disappear, suggesting that H3PO3; adsorbs concurrently and
blocks the majority of CO from the Pt surface. At even higher H3PO3
concentrations, the H3PO3 oxidation peak broadens and shifts to
higher electrode potentials and the CO stripping voltammograms
(Fig. 4B and D) resemble those obtained in the absence of CO
(Fig. 4A and C). Also, in this case, the presence of H3PO, in the elec-
trolyte solution does not affect the observed behaviour; see Supple-
mentary Information (Fig. S9).

Where possible, the Qy and Q¢ values were determined using the
voltammograms discussed above. Firstly, using the Qy values, H3PO5
adsorption isotherms at Pt/C catalyst presented in Fig. S5A were calcu-



Fig. 3. Schematics showing the theoretical effect of H3PO3; on the ORR reaction ocurring on Pt electrodes at 25 °C.

Fig. 4. (A) and (C): Cyclic voltammograms obtained under N, atmosphere, at a potential sweep rate of 20 mV s~ !and at 0 rpm, cycle number 3 is shown; (B) and
(D): CO stripping voltammograms obtained under N, atmosphere, at a potential sweep rate of 20 mV s~ ! and at 0 rpm. These data were used to build the HsPO3
adsorption isotherms at a temperature of 25 + 2 °C on a Pt/C thin film in 0.1 mol dm > HCIO, (A and B) and in a mixture containing 0.1 mol dm ~> HCIO, and

0.1 mol dm ~3 H;PO, (crystalline) (C and D).

lated by means of Equation (3). While the Pt surface coverage by
H3PO; in 1x10~2 mmol dm™2 H3PO; solution remains relatively
low (about 10 %), 70 % of the Pt surface is covered by H;PO3 when
using the 6.7 mmol dm ™2 H3POj5 solution. In the majority of the con-

centration range, the presence of H;PO, seems to increase the surface
coverage by about 5 %. The isotherm obtained via H,,q showed a
behaviour very similar to that obtained for the polycrystalline Pt foil
in our previous works [12,27].



Fig. 5. HsPO; adsorption isotherms at a temperature of 25 * 2 °C on a Pt/C thin film in (A) 0.1 mol dm~* HClO,4 and (B) 0.1 mol dm ~3 HCIO4 + 0.1 mol dm 3
H3PO, (crystalline). 6 is the partial surface occupation by H3POs, calculated by Equation (3).

Due to the incompatibility between the CO stripping voltammo-
grams and corresponding backgrounds at higher H3;POs concentra-
tions, it was not possible to determine Qco values at HsPOs
concentrations exceeding 6.7 X 10~ * mol dm 3. This is likely the con-
sequence of the fact that increasing amounts of H;PO3 oxidised at the
Pt surface originate from the electrolyte bulk and not from the elec-
trode | electrolyte interface (adsorbed H3;PO3). As has already been dis-
cussed, the oxidation currents observed in the CO stripping
voltammograms in the potential range between 0.6 and 0.9 V
(Fig. 4B and D) are a consequence of both H3PO3; and CO oxidation,
both of which require two electrons to be completely oxidated. There-
fore, a simple equimolar replacement of CO by H3POj3 should not lead
to changes in Qco values. Consequently, the curves presented in
Fig. 5B should be interpreted as mixed (H3PO3; + CO) adsorption iso-
therms. The fact that increasing H;PO3 concentration leads to lower
Qco suggests either that CO and/or H3POj3 are not fully oxidised when
both are present at the Pt surface or, what is more likely, that repulsive
lateral interactions exist between H3PO3 molecules as well as between
H3PO3 and CO molecules at the Pt surface. An alternative explanation
is that adsorbed H3PO5; molecules would interact with more than one
surface Pt atom. This is partially in contradiction with multilayer
adsorption of H3PO3; observed previously [12]. However, previous
results were obtained using a different methodology, in lower poten-
tial range at around 0.4 V vs RHE and at the Pt sheet electrode.

0— (QPLHCIO4 (+H3P04)) - (QP[ HCIO4 (+H3PO4)+H3P03) 3)

(Qpcio, (+Hspoy) )

In this equation, 0 (dimensionless) is the partial surface occupation
by H3P03.

Finally, the H3PO3 isotherms were fitted using the Origin Pro soft-
ware using the double Langmuir adsorption model as in Equation (4),
which has been previously, and successfully, applied to H3PO3; adsorp-
tion isotherms obtained on bulk Pt [12]. In Equation (4), fmax xac=1,2) iS
the maximum partial surface occupation of H3PO3; on crystalline
plane x, c is the H3PO3 concentration in the electrolyte bulk and Kags -
x(x=1,2) is the equilibrium adsorption constant of H;PO3 on crystalline
plane x. All fitted parameters are included in the Supplementary Infor-
mation (Table S3).

I<ads.1C

6= Hm'x
I<ads.,lC + 1 ol +

Kads.ZC
Kads‘ZC + 1

gmax.Z (4)

It must be noted that the shift and splitting of the CO oxidation
peak observed at low HsPO3 concentrations (approximately 7 x 10>
mol dm ™3 H3POy) is similar to that observed in the presence of non-
purified H3PO,, providing a further strong indication that the species
present in the non-purified acid is H3POs.

Within this work, Hypq and CO stripping measurements were also
performed on a polycrystalline Pt electrode. The purpose was to deter-
mine the effect of addition of H3PO, to the 0.5 mol dm % HClO, solu-
tion, on the ECSAypq and ECSAo values. It was shown that the effect
of H3PO,, up to a concentration of 20 mmol dm ™2, on the both Pt
ECSA values is only marginal. The determined ECSAco values were
on average 4 % higher than the ECSAy ones. Therefore, it seems that
H,pq and CO stripping methods provide comparable values of ECSA on
bulk Pt electrodes. Details are provided in section S7 in Supplementary
information.

4. Conclusion

In the present work, the effect of H3PO, purity on the behaviour of
Pt/C thin film catalysts towards ORR was investigated and evaluated
in diluted aqueous solutions at ambient conditions. Adding minute
amounts of H3POy, to the electrolyte in a model 3-electrode experimen-
tal set-up is a routine procedure to simulate the conditions and poison-
ing effects of a TF-RDE with Pt/C catalyst such as those expected to
occur in the porous catalyst layer in a HT-PEMFC experiment. It was
found that the impurity (most likely H;PO3) present in commercial
85 wt% H3PO, (trace metal basis H3PO,4) in the amount estimated to
be about 0.07 mol.% blocks part of the ECSA and negatively influences
ORR kinetics. This was most predominantly observed in the potential
range below 0.75 V corresponding to the high current density region
of the ORR. The same effect leads to a decrease in the limiting currents
at electrode potentials as low as 0.5 V. At such low electrode poten-
tials, H3PO3 is not oxidised at a measurable rate and accumulates at
the Pt electrode surface instead. This accumulation was confirmed
by the adsorption isotherms determined based on Hypq. The obtained
adsorption isotherms revealed that the H3PO3; adsorption behaviour
on Pt is not significantly affected by the presence of H;PO, in concen-
trations of up to 0.1 mol dm ™3, It was also shown that CO stripping is
very sensitive to the presence of H3PO3; even at low concentrations,
which leads to an underestimation of ECSA due to the competition
between H3;PO3; and CO for Pt active sites. This causes changes in
the CO oxidation peak position, height and width. In summary,
H3;PO3; seems to be the common impurity in otherwise highly pure
commercial H3PO, solutions. Its removal from H3PO, is possible by
treatment with H,O, at elevated temperatures. This purification step
seems to be essential for obtaining reproducible and reliable informa-
tion about, e.g. ECSA, ORR and most likely also H, oxidation kinetics
and mechanisms on Pt-based electrode surfaces. Similar results as
with solutions prepared from purified HsPO, were obtained with
freshly dissolved solid (crystalline) H3PO,4, which is, however, extre-
mely costly.
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