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демонстрирует изменение фазового состава феррита меди после ТО при 700оС и после электрохимических 

экспериментов. Формирующиеся Fe-Cu композиты проявляют высокую электрокаталитическую активность в 

электрогидрировании органических соединений.  

 

 
 

Рисунок 9 – Рентгенограммы CuFe2O4 после ТО при 700оС до (а) и после (б)  

электрохимических экспериментов 

 

Таким образом, описанные исследования показали, что медьсодержащие композиты как без, так и с 

нанесением НЧ меди на полимерные и углеродные носители оказывают эффективное каталитическое действие на 

процессы электрохимического восстановления органических соединений и могут быть востребованы в качестве 

катализаторов в различных химических реакциях. 
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In recent years, there has been a significant increase in interest in organic electrochemical transistors (OECTs) due to 

their unique characteristics, such as high transconductance, low operating voltage (< 1 V), and compatibility with aqueous 

environments. These properties make OECTs promising for applications in biosensors, bioelectronics, and neuromorphic 

computing systems [1-3]. 

A key component of OECTs, which endows them with these unique functional properties, is the organic mixed ionic-

electronic conductor (OMIEC) used as the transistor channel [10]. OMIEC materials represent a class of polymers that 

exhibit both electronic and ionic conductivity [4]. 
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The operating principle of OECT is based on the electrochemical doping of the OMIEC layer by ions from the 

solution [10]. Figure 1a shows the architecture of an OECT. In an OECT, the OMIEC-based channel is located between two 

electrodes - the source and the drain - and is in contact with an electrolyte on top, in which a third electrode, the gate, is 

immersed. The conductivity of the channel is regulated through the process of electrochemical doping. 

Depending on the initial charge carrier density of the OMIEC material, OECTs are classified into devices operating 

in accumulation or depletion mode [5]. The main difference lies in the initial conductivity of the OMIEC layer. Let’s 

consider the operation of an OECT in the case of a device operating in accumulation mode with a p-type OMIEC channel. 

Figures 1b and 1c illustrate the process of electrochemical doping of the OMIEC channel. 

 

(a) (b) 

  

(c) 

 

 

Figure 1. (a) OECT architecture, (b) electrochemical dedoping of the OMIEC channel, and (c) electrochemical 

doping of the OMIEC channel. 

 

When the gate potential (Vg) is 0 V relative to the source, and the drain potential (Vd) is biased negatively relative to 

the source (Vd < 0 V), the channel potential (Vch) becomes more negative compared to the gate (ΔV = Vg - Vch > 0 V). As a 

result, the potential difference ΔV between the gate and the channel creates an electrochemical driving force that pushes 

cations (positively charged ions) from the solution into the volume of the channel, leading to dedoping of the channel. 

The electroneutrality of the channel is maintained by the removal of holes at the drain, where they recombine with 

electrons, leading to depletion of the channel and a reduction in its conductivity. In the case of an OMIEC channel with an 

initially low hole density (p0), the dedoping process has little effect on conductivity, as it was already low. Thus, when Vg = 

0 V and Vd < 0 V, the drain current (Id) is low. 

However, when the gate potential is biased more negative relative to the drain, the channel potential becomes more 

positive relative to the gate (ΔV = Vg - Vch < 0). This causes the drift-diffusion of anions into the volume of the channel 

(Figure 1c). The negatively charged anions are compensated by the injection of holes from the source, leading to an increase 

in hole density within the channel and, consequently, to a rise in its conductivity. As a result, a significant current begins to 

flow through the channel. 

The key process that determines the conductive state of the channel in an OECT is electrochemical doping (or 

dedoping). Its dynamics depend on ion mobility, which is significantly lower than the mobility of electronic charge carriers. 

Due to the sluggishness of ions, OECTs are characterized by relatively slow switching speeds between the two steady states 

of the transistor. The minimum response time of an OECT is around 10 µs [6], which is sufficient for the use of these 

transistors in biosensing and neuromorphic computing systems. 

Since the OECT channel is in direct contact with the electrolyte, even small changes in the potentials of the gate, 

drain, or source significantly affect the ion dynamics in the system, resulting in noticeable changes in the drain current [9]. 

One of the distinguishing features of OECTs, setting them apart from other transistor types, is the ability to modulate the 

channel's conductivity by the drain (or source) potential. This is because the ion transport dynamics between the phases 

(channel/electrolyte) are controlled by the potential difference between the gate and the channel, ΔV = Vg - Vch, and the 

channel potential, in turn, depends on the drain potential [7]. Furthermore, the channel potential Vch is not uniform along its 

length; it changes from the source potential to the drain potential. This leads to non- uniform electrochemical doping along 

the channel length, causing lateral ion diffusion to achieve uniform doping [8]. 
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To demonstrate the influence of the drain potential on the steady-state characteristics of an OECT, the experimental 

results from our recent study are presented below [9]. Figure 2a shows IV characteristics at various fixed gate potentials for 

an OECT operating in accumulation mode with a p-type P3HT polymer channel. These I-V curves are referred to as the 

output characteristics of the transistor. As seen in Figure 2a, the output curves demonstrate asymmetry: the drain current (Id) 

is significantly higher when sweeping in the direction of Vd > 0 V. This asymmetry in the output curves of OECTs is not 

always obvious. For comparison, Figure 2b presents the output characteristics of an OECT operating in depletion mode with 

a p-type PEDOT:PSS channel, taken from the article by D. A. Bernards and G. G. Malliaras [7]. As shown in Figure 2b, for 

an OECT operating in depletion mode, the output curves do not exhibit asymmetry. A more detailed discussion of the causes 

of asymmetry in transistor output characteristics can be found in our recent publication [9]. 

 

(a) (b) 

  

 

Figure 2 - Output curves of an OECT operating in accumulation mode with a P3HT channel (a) [9] and operating in 

depletion mode with a PEDOT:PSS channel (b) [7]. 

 

The observed asymmetry in the output curves of OECTs has important practical significance, as it allows the device 

to function as a rectifier (diode). The structure of the OECT can be simplified by directly connecting the gate to the source 

(Figure 3a). In this configuration, the OECT transforms from a three-terminal device into a two-terminal one, and the I-V 

curve of this device with a P3HT channel are also shown in Figure 3a. As seen from the I-V characteristics, the OECT with 

the gate and source short-circuited operates as a rectifier, where the drain acts as the anode and the source as the cathode. 

Moreover, the rectification polarity can be easily reversed by connecting the gate directly to the drain. In this case, 

the source becomes the anode, and the drain becomes the cathode, as shown in Figure 3.3b. This functionality of the OECT 

as a rectifier with switchable polarity was first demonstrated by our group [9]. Additionally, we proposed an analytical model 

describing the I-V characteristics of the OECT-based rectifier and its dependence on channel geometry and material 

properties. This model is based on the seminal model proposed by D. A. Bernards and G. G. Malliaras for OECTs [7]. 

(a) (b) 

  
 

Figure 3 Organic electrochemical rectifier with switchable polarity. 

(a) OECT with the shorted source and gate and (b) OECT with the shorted drain and gate. 

We classify the OECT with the shorted source and gate (Fig. 3a) or with the shorted drain and gate (Fig. 3b) as 

organic electrochemical rectifiers (OECRs). The proposed analytical model for the I-V characteristics of the OECR is 

presented below: 

𝐼 =
𝑊 ∙ 𝑇
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where W, T, and L are the parameters characterizing the geometry of the channel (width, height (thickness), and 

length, respectively); µ, p0, and cch are the parameters characterizing the physical properties of the channel (hole mobility, 

initial hole concentration, and specific volumetric capacitance of the channel, respectively). Equation (1) is applicable until 

the OECR current reaches saturation; the saturation current is defined by Equation (2). 

This model allows for the analysis of the dependence of the OECR’s I-V characteristics on the geometric parameters 

of the channel and the physical properties of the channel material. The crucial performance metric for rectifier is the 

rectification ratio (RR), which is defined as the ratio of the forward current (If) flowing through the diode when a forward 

voltage is applied, to the reverse current (Ir) flowing under reverse voltage (RR = If/Ir). As seen from Equation (1), geometric 

parameters and mobility (μ) do not affect the rectification ratio, as these parameters influence both If and Ir equally. 

However, the rectification ratio is largely dependent on the initial charge carrier density (p0) and the specific volumetric 

capacitance (cch). In particular, p0 significantly affects the ratio between If and Ir. Figures 4a and 4b illustrate how the I-V 

characteristics and RR change with different values of p0. 

 

Figure 4. Dependence of the OECR I-V characteristics and rectification ratio on the initial hole concentration [9]. 

(µ =1∙10-3 cm2∙V-1∙s-1, cch = 1∙102 F∙cm-3 и W, T, L: 30 mm, 100 nm and 50 µm respectively) 

 

As shown in Fig. 4a, when a polymer with a high hole density (~1∙10²¹ cm³) is used as the channel, the asymmetry in 

the I-V characteristics is minimal. However, when p0 is reduced by half, the asymmetry becomes more noticeable, and with a 

tenfold decrease in p0, the asymmetry becomes even more pronounced. Similarly, the rectification ratio (RR) increases as the 

hole concentration in the OECR channel decreases. Therefore, to develop an OECR with a high rectification ratio, OMIEC 

polymers with an initial charge carrier density of less than 5∙10²¹ cm³ should be used. 

The fundamental difference between OECR and other diodes based on organic materials lies in the rectification 

mechanism [10]. In traditional diodes, the asymmetry in current arises due to the bending of energy bands at the interface. In 

OECR, the current asymmetry is caused by electrochemical doping of the channel under forward bias and dedoping under 

reverse bias [9]. Additionally, current asymmetry is observed in nanoporous systems [6], where it occurs due to the 

nonuniform geometry of the nanopores and the distribution of surface charges along their walls. However, synthesizing 

nanoporous films with pronounced conductivity asymmetry is a complex process that requires precise control of pore 

morphology. In this respect, OECR is more attractive, as it does not require creating a heterojunction or nanoporous films 

with a specific geometry. 

At this stage of our research, we have proposed an analytical model of the OECR based on the Bernards and 

Malliaras model for OECTs. We have demonstrated the possibility of using OECTs as rectifiers with switchable rectification 

polarity. The next important stage of our research is the development of an OECR with negative differential resistance, 

which is crucial for designing a neuron circuit based on the OECR. 
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В работе [1] авторами предложен новый тонкоструктурный ВЭС CrFeNiAl0.27Si0.11Mo0.22, полученный методом 

дуговой плавки. В результате проведенных экспериментальных наблюдений получены сплавы с довольно высокими 

механическими свойствами. Также данный сплав обладает превосходной коррозионной стойкостью за счет 

образования тонкой пленки оксида молибдена.  

Такое значительное увеличение прочностных характеристик авторы работы связывают с образованием 

тонкой дуальной структуры, образованной пластинками ВСС и АСС-растворами.  

Надо отметить, что данные этого исследования хорошо согласуются с результатами работы [2], где также 

было отмечено, что введение Мо положительно влияет на прочность при сохранении высокой пластичности. В 

исследовании [3] авторами разработан новый сплав FeCoCrNiMoSix с различным содержанием Si в соответствии с 

атомным соотношением Fe:Co:Cr:Ni:Mo:Si = 1:1:1:1:1:x (где x=0,5;1,0;1,5). Авторами было установлено, что 

введение кремния в сплав системы FeCoCrNiMo преобразует двухфазную структуру сплава в трехфазную типа FCC 

+ HCP + BCC. С увеличением содержания кремния структура приобретает дендритный столбчатый характер, а при 

увеличении содержания Si до x = 0,9 и 1,0 в сплаве образуется твердая силикатная фаза, причем при этом 

наблюдается четкая сегрегация элементов.  

Таким образом, результаты исследований в вышеуказанных работах показали, что легирование ВЭС 

молибденом и кремнием приводит к значительному упрочнению, причем в ряде случаев пластичность сплавов 

сохраняется на прежнем уровне или даже возрастает. Надо отметить, что молибден оказывает большое влияние на 

прочность сплава, чем кремний.  

 Проведённый информационный анализ показал положительное влияние Mo и Si на прочность и 

пластичность сплавов системы Fe-Cr-Co-Ni-Mn. Упрочнение сплавов при сохранении или даже повышении 

пластичности происходит за счет образования новых фаз внедрения типа σ- и µ- фаз и фаз Лавеса, равномерно 

распределенных в вязкой матрице твердого раствора. Однако, все исследования касаются только «классических» 

ВЭС, поэтому полученные результаты невозможно просто транслировать на КВЭС, т.к. они представляют собой 

совершенно другие исходные фазовые системы. Не исследовались также другие свойства ВЭС, например, 

жидкотекучесть, которая является важной технологической характеристикой. Соответственно, исследования 

влияния Mo и Si на прочность, пластичность и другие свойства являются актуальной и перспективной задачей. 

В лаборатории Международного центра материаловедения НАО «Карагандинский технический университет 

имени Абылкаса Сагинова» были проведены лабораторный испытания по выплавке опытных оборазцов.  

В качестве шихтовых материалов использовались ферромарганец марки FeMn80C05, феррохром марки 

ФК005, феррониобий марки ФНб60, никель катодный марки Н1, металлический кобальт марки К1Ау и 

ферромолибден марки ФМо60. Химический состав компонентов шихты приведени в таблице 1. Состав шихты 

рассчитывался таким образом, чтобы содержание Мо составляло 5, 10, 15% масс., содержание Nb около 14% масс, 

остальные элементы примерно в равных долях. 

Дисперсность всех компонентов на 90% была представлена фракцией 2-3 мм. Фракционный состав 

материалов определялся на аналитической просеивающей машине AS 200 control (Retsch, Германия). Далее 
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